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Referat 
Die kumulative Habilitationsschrift untersucht das Harnblasengewebe, das 
Serumproteom sowie das Proteom der HDL-Partikel, humane Aorten-Endothelzellen 
und das Darm-Mikrobiom im Kontext der Adipositas und unter dem Einfluss 
bariatrisch-chirurgischer Interventionen. Im Fokus wissenschaftlichen Interesses 
standen die Identifikation von Biomarkern zur Abschätzung und zum Monitoring von 
Herz-Kreislauf-Erkrankungen, chronischer Entzündungsprozesse sowie die Aufklärung 
von Anpassungsmechanismen einer Harnblasendysfunktion und die Untersuchung des 
mikrobiellen Ökosystems unter dem Einfluss der Adipositas. Die wissenschaftlichen 
Beiträge basieren auf Zellkultur- und tierexperimentellen Studien sowie auf 
Humananalysen. Die Global- bzw. Target-Proteomik-Studien erfolgten im Sinne eines 
Bottom-up-Ansatzes unter Anwendung von Gel-basierenden und Gel-freien 
Proteintrennverfahren und nachfolgend massenspektrometrischer Analyse. Durch die 
Anwendung von variablen Proteomik-Plattformen konnten Adipositas-assoziierte 
Risikoparameter im Serum zur Identifikation von Komorbiditäten ermittelt und validiert 
werden. In der Konsequenz dieser Resultate wurde ein MRM-Assay erarbeitet. Die 
Untersuchungen von HDL-Partikeln zeigten eine hohe interindividuelle Varianz des 
HDL-Proteoms und eine Vielzahl bisher unbekannter Proteine wurden dem HDL-
Proteom und der NO-assoziierten HDL-Funktion zugeordnet. Die Proteomik deckte im 
besonderen Maße die Adipositas-assoziierte Pathophysiologie der 
Harnblasendysfunktion auf. Weiterführende Studien des Harnblasen-Proteoms im 
Tiermodell belegen die positive Wirkung einer bariatrischen Intervention. Die 
Untersuchung des Proteoms der Darmbakterien belegt den Nutzen der Proteomik in der 
Aufklärung der mikrobiellen Diversität und des damit verbundenen spezifischen 
bakteriellen Stoffwechsels sowohl in Stuhlproben als auch in der Darmschleimhaut. Die 
Markierung von Stickstoffquellen in der Nahrung mittels 15N-Isotopen gibt in vivo 
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Die Ausbreitung der Volkskrankheit Adipositas und deren Komorbiditäten haben im 
vergangenen Jahrzehnt pandemischen Charakter angenommen. Verschiedene sowohl 
medizinische als auch paramedizinische Wissenschaftsdisziplinen beschäftigen sich 
intensiv mit der Ursachenforschung, Verhaltensanalysen, Erarbeitung von 
Präventionsstrategien und der Suche nach pharmakologischen Therapiekonzepten bis 
hin zur Etablierung chirurgischer Intervention. Insbesondere die metabolische Chirurgie 
gelangt zunehmend in den Fokus interdisziplinären Forschungsanstrengungen, da bspw. 
eine Therapie der morbiden Adipositas durch einen Roux-Y-Magenbypass (RYGB) in 
bis zu 80% den Diabetes Mellitus Typ 2 (T2DM) in Remission bringen kann. Die Suche 
nach den kausalen Zusammenhängen zwischen den Erfolgen der metabolischen 
Chirurgie im Hinblick auf das klinische Outcome und den molekularen 
Regelmechanismen verbindet Fachgebiete wie die Endokrinologie und die molekulare 
Humanbiologie mit der experimentellen Chirurgie. Die Zukunft der Therapie der 
Adipositas liegt sicherlich in einer geeigneten Auswahl des richtigen Patienten für die 
richtige Therapieoption zum richtigen Zeitpunkt, um die nachhaltige Behandlung der 
jeweiligen Komorbidität zu gewährleisten. 
In diesem Kontext kann die „Proteomik“ als ein molekularbiologisch-biochemischer 
Forschungsansatz komplexe Regelmechanismen von zellulären und extrazellulären 
Proteingemischen aufdecken. Durch nachgeordnete bioinformatische Betrachtungen 
lassen sich Signalwege und Proteinnetzwerke erkennen, die in Einzelproteinstudien nur 
unzureichend begriffen werden. Die Technologieplattform der Proteomik wurde in der 
vorliegenden Arbeit in verschiedenen Untersuchungen genutzt, um 
grundlagenwissenschaftliche Erkenntnisse zu generieren oder um metabolisch-
chirurgische Intervention im Hinblick auf ihre Wirksamkeit zu erforschen. Die 
Untersuchungen erstreckten sich über das Serum-Proteom, Proteom-Analysen von 
Lipoproteinpartikeln (HDL), den Einfluss von Adipositas-assoziierten Metaboliten wie 
die Harnsäure auf Aorten-Endothelzellen bis hin zu Metaproteom-Analysen des 
Mikrobioms. Insbesondere konnten die Proteom-Analyse der Harnblase und 
weiterführende In-vitro- und In-vivo-Experimente den Einfluss der Adipositas und die 
Wirkung der metabolischen Chirurgie auf die Harnblasendysfunktion aufzeigen. Die 
Ergebnisse belegen die Notwendigkeit, chirurgische Interventionen der Adipositas am 





Die Suche nach Stoffwechselwegen und/oder Biomolekülen, die spezifisch das 
Krankheitsrisiko des Phänotyps Adipositas widerspiegeln sowie den jeweiligen Nutzen 
oder das Risiko einer metabolisch-chirurgischen Intervention kenntlich machen, kann 
durch den Einsatz von Proteomik-Plattformen vorangetrieben werden. 
Die vorliegende Habilitationsschrift beschreibt die Zweckdienlichkeit verschiedener 
Proteomik-Ansätze in der translationalen Adipositasforschung mit dem Schwerpunkt 
der experimentellen Chirurgie. Im Wesentlichen werden in unterschiedlichen 
Fragestellungen das Serum-Proteom, HDL-Proteom, das Proteom der Aorten-
Endothelzellen, das Mikrobiom der Darmmukosa und die Proteomregulation der 
Harnblasenwand untersucht und im Kontext des klinischen Problemfeldes Adipositas 
diskutiert. Die Schwerpunkte der aufgeführten Proteomik-Studien lagen in der 
molekularbiologischen Untersuchung Adipositas-relevanter Komorbiditäten wie Herz-
Kreislauf-Erkrankung und Harnblasendysfunktion sowie pathophysiologisch 
bedeutsamer Adaptationsmechanismen des Serum- und HDL-Proteoms und der 
Mukosa-assoziierten mikrobiellen Darmflora. Die im Proteomik-Ansatz identifizierten 
Proteine und Signalwege wurden sowohl in human- als auch in tierexperimentellen 
Studien der Ratte nach bariatrisch-chirurgischer Intervention (LSG, RYGB) validiert. 
Im tierexperimentellen Ansatz stand vor allem die Wirkung einer hyperkalorischen Fett-
Diät auf den Gewebestoffwechsel im Fokus der vorliegenden Studien. 
 
3. Rolle der experimentellen Chirurgie in der translationalen Adipositas-
forschung 
3.1 Einleitende Aspekte zur experimentellen Chirurgie 
Das Fachgebiet der experimentellen bzw. theoretischen Chirurgie ist eine junge 
Wissenschaftsdisziplin im Vergleich zu anderen Fachgebieten der Medizin. Wenn man 
jedoch die Wurzeln des wissenschaftlichen Strebens im Fachgebiet Chirurgie als 
Beginn der experimentellen Chirurgie zu Grunde legt, zeigen sich schon frühe 
Bestrebungen im 18. Jahrhundert mit dem Wirkungsspektrum des Helmstedter 
Professors für Anatomie und Chirurgie „Lorenz Heister“ (1683-1785), der neben seiner 
akademischen Ausbildung auch eine wundärztliche Ausbildung bei Barbierchirurgen 
absolvierte. Die Literaturquellen der Medizingeschichte weisen den Gelehrten als den 




Beginn der experimentellen Forschung in der Medizin werden jedoch die 
wissenschaftlichen Arbeiten von Claude Bernards (1813-1873) angenommen. In seiner 
Veröffentlichung von 1865 (Einführung in das Studium der experimentellen Medizin) 
wies er erstmals auf die Methodik der experimentellen Arbeit in der Medizin hin 
(Wolner und Navrátil, 1972). Ein weiterer Begründer der experimentellen Medizin und 
im Speziellen der experimentellen Chirurgie war Theodor Billroth (1829-1894). Seine 
Chirurgie basierte auf der Anwendung wissenschaftlicher Methoden und bewertete den 
Erfolg der Therapie mit naturwissenschaftlicher Kritik im Sinne einer 
„Qualitätssicherung“; nach heutiger Formulierung „Evidence Based Medicine“ 
(Siewert, 2001). 
Im vergangenen Jahrhundert wurde das Fachgebiet der experimentellen Chirurgie in 
Deutschland durch die Etablierung von Professuren universitär verankert und seither 
durch vielfältige Ausrichtung der Spezialisierung dem jeweiligen 
Forschungsschwerpunkt der Hochschulen bzw. Fakultäten zugeordnet. In der 
Universität zu Köln gründeten 1960 Prof. Georg Heberer (1920-1999) und Prof. Hans-
Jürgen Bretschneider (1922-1993) die erste Abteilung für experimentell-chirurgische 
Forschung in Deutschland (Schildberg, 2000). 
In den Jahrzehnten der Entwicklung der experimentellen Chirurgie zu einem 
eigenständigen Fachgebiet variierten bis zum heutigen Tag die Begriffsbestimmung und 
die Aufgabenzuordnung zum Teil sehr deutlich. Anlässlich des 8. Kongresses der 
European Society for Experimental Surgery 1973 in Oslo verfasste F.D. Moore eine 
Definition der experimentellen Chirurgie mit den Worten „Surgical research is research 
in human biology, that will benefit surgical care“ ganz im Sinne der Auffassung von 
Billroth (Moore, 1973; Messmer, 1990). Die Chirurgen F.W. Schildberg und K.W. 
Jauch der Chirurgischen Klinik der Ludwig Maximilian Universität München in 
Großhadern definierten 1990: „Als chirurgische Forschung sind alle wissenschaftlich 
begründeten Ansätze zur Vermehrung unseres Wissens über Entstehung, Verlauf, 
Erkennung und Behandlung von Erkrankungen in der Chirurgie zu verstehen. Nicht die 
Forschungsmethodik ist chirurgisch, sondern die Problemstellung befasst sich mit 
Fragen aus der Chirurgie“ (Schildberg und Jauch, 1990). In diesem Sinne werden die in 
der vorliegenden Arbeit zusammengeführten Wissenschaftsbeiträge verstanden und im 
Kontext von Adipositas-assoziierten Erkrankungen diskutiert. 




Gesellschaftssysteme werden Gesundheitsrisiken wie die Adipositas zur wachsenden 
Herausforderung aller modernen Gesundheitssysteme (Mokdad et al., 2003). Auch die 
Chirurgie kann sich diesem Trend nicht entziehen. Trotz steigender 
Forschungserkenntnisse im Verständnis der Pathophysiologie der Adipositas und deren 
vergesellschafteten Krankheitsrisiken wurden bis zum heutigen Tag die wesentlichen 
und langfristigen Erfolge in der Behandlung der morbiden Adipositas durch die 
metabolische Chirurgie bewirkt (Chang et al., 2014; Morgan et al., 2014; Puzziferri et 
al., 2014). Mit sowohl national als auch international zunehmender Anzahl an 
chirurgischen Eingriffen zur Behandlung der Adipositas wächst die Anforderung, die 
zugrunde liegenden Wirkungsmechanismen zu erforschen. Die Universität Leipzig 
etablierte 2010 die erste deutsche ordentliche Professur für Bariatrische Chirurgie 
(Hibbeler, 2010) und weitere universitäre Einrichtungen folgen seither dieser 
Entwicklung.  
Die experimentelle Chirurgie bedient sich seit Jahrzehnten der Methoden der 
Molekularbiologie und angrenzender Wissenschaftsgebiete. Insbesondere die OMICS-
Technologieplattformen führten zu weitreichenden Erkenntnisgewinnen in allen 
medizinischen Forschungsgebieten (Montecucco et al., 2014). Diese 
molekularbiologischen Methoden gestatten eine große Anzahl von Biomolekülen 
innerhalb einer Messung zu analysieren. Somit können komplexe Gemische aus Genen, 
Proteinen oder Metaboliten und deren Regulation in den Kontext der Fragestellung 
gebracht werden. Im historischen Vergleich der OMICS-Technologien ist die Proteomik 
eine junge Disziplin, in deren Mittelpunkt die Erforschung des Proteoms mit 
biochemischen Methoden steht (Anderson und Anderson, 1998; Blackstock und Weir, 
1999). In den vorliegenden wissenschaftlichen Arbeiten konnten durch die Einbindung 
der Proteomik in die Erforschung der Adipositas und deren Komorbiditäten wesentliche 
Erkenntnisse auf dem Gebiet der experimentellen Chirurgie gewonnen werden. 
 
3.2  Translationale Adipositasforschung im Spannungsfeld der experimentellen 
 Chirurgie 
In der „translationalen Forschung“ geht es um Strategien, mit deren Hilfe der 
„intellektuelle Reichtum der biomedizinischen Forschung“ in „praktischen Reichtum 
für die Menschheit“ umgesetzt werden kann (Mellor, 2008). Die theoretische Forschung 




Therapieansätze zu generieren. In Bezug auf Adipositas steht die Wissenschaft vor einer 
Vielzahl ungeklärter Fragestellungen. Die Komplexität dieser Erkrankung im Hinblick 
auf Komorbiditäten und Therapieoptionen ist eine der größten Herausforderungen für 
das Wissenschaftsgebiet der translationalen Adipositasforschung, sowohl im 
Erwachsenen- als auch im Kindesalter. 
Adipositas ist ein Gesundheitsrisiko mit pandemischem Ausmaß (Lifshitz und Lifshitz, 
2014), die durch mannigfaltige Faktoren ausgelöst wird (Alpert et al., 2014; Skolnik 
und Ryan, 2014). Sowohl zu hohe Kalorienaufnahme (Hussain und Bloom, 2013) als 
auch zu geringe körperliche Aktivität (Strasser, 2013) wie auch genetische 
Komponenten (McCarthy, 2010; Oʼrourke, 2014; Sevilla und Hubal, 2014) spielen eine 
entscheidende Rolle in der Pathophysiologie der Adipositas und ihrer assoziierten 
Erkrankungen. Dem Einflussgrad diverser Faktoren wird in verschiedenen 
Untersuchungen ein unterschiedliches Gewicht beigemessen. Im Konsens aller 
epidemiologischen Studien wird jedoch deutlich, dass adipöse Menschen ein signifikant 
erhöhtes Risiko haben, an schwerwiegenden Begleiterkrankungen wie Bluthochdruck 
(Aghamohammadzadeh und Heagerty, 2012), T2DM (McCarthy, 2010), Herzinfarkt 
(Manson et al., 1990; Mørkedal et al., 2014; Thomsen und Nordestgaard, 2014) oder 
Schlaganfall (Lu et al., 2014) zu leiden.  
Da die Umstellung von Ess- und Bewegungsverhalten die einzig kausal wirksamen, 
nicht-invasiven Behandlungsmethoden sind, jedoch stark von den Motiven und der 
Persönlichkeitsstruktur des Betroffenen abhängen, wird weltweit nach 
pharmakologischen Wirkstoffen zur Behandlung der Adipositas gesucht 
(Koutroumanidou und Pagonopoulou, 2014). Dies gestaltet sich jedoch schwieriger als 
erwünscht, da die Nebenwirkungen der Medikamente oftmals den initialen Benefit im 
Hinblick auf Gewichtsreduktion überlagern (Koutroumanidou und Pagonopoulou, 
2014). 
Im vergangenen Jahrzehnt kristallisierten sich die bariatrisch-chirurgischen 
Interventionen wie Gastric Banding (GB; Magenband) (Dixon et al., 2012; Pontiroli et 
al., 2013), Sleeve Gastrektomy (SG; Magenschlauch) (Diamantis et al., 2014), Roux-Y-
Gastric Bypass (RYGB; Magenbypass) (Renaud et al., 2013; Göthberg et al., 2014) 
oder die Biliopankreatische Diversion mit Duodenalswitch (BPD) (Manger et al., 2009) 




Es ist jedoch zu bemerken, dass sowohl die nicht-invasiven (z.B. 
bewegungstherapeutische Konzepte, Ernährung) als auch die invasiven 
Therapieoptionen (bariatrische Chirurgie) ihren Stellenwert in der Intervention der 
Adipositas unter Beweis gestellt haben. Dies gilt für Erwachsene (Courcoulas et al., 
2013) als auch für Kinder und Jugendliche (Black et al., 2013). Insbesondere die 
bariatrische Chirurgie wird als Ultima Ratio bei der Behandlung von adipösen Kindern 
und Jugendlichen kritisch hinterfragt (Deutsche Gesellschaft für Allgemein- und 
Viszeralchirurgie, Chirurgische Arbeitsgemeinschaft für Adipositastherapie (CA-ADIP, 
2010) und bedarf weiterer wissenschaftlicher Erkenntnisse über die langfristige 
Wirkung dieser chirurgischen Intervention. 
Die Suche nach Stoffwechselwegen und/oder Biomolekülen, die spezifisch den 
Phänotyp der Adipositas und dessen Ausprägungsgrad der Komorbiditäten 
widerspiegeln sowie den jeweiligen Nutzen oder das Risiko einer therapeutischen 
Option kenntlich machen, führte in den vergangen Jahrzehnten zur Entwicklung von 
Analyseverfahren im Bereich der Genomik (Segal et al., 2004; Phan-Hug et al., 2012; 
Wang et al., 2014a), Transkriptomik (Fuentes-Mattei et al., 2014), Proteomik (Bolduc et 
al., 2007; Oberbach et al., 2011; Oberbach et al., 2014f) und Metabolomik (Calvani et 
al., 2014; Rauschert et al., 2014).  
In der vorliegenden Arbeit werden eigene Untersuchungen des Blutserums (Oberbach et 
al., 2011; Oberbach et al., 2012a; Oberbach et al., 2014f), von Organgeweben wie der 
Harnblase (Oberbach et al., 2013) und Aorten-Endothelzellen (Oberbach et al., 2014b), 
aber auch HDL-Partikeln (Matsuo et al., 2013) und dem mit Adipositas 
vergesellschafteten Mikrobiom (Haange et al., 2012; Ferrer et al., 2013) durch Proteom-
Analysen im Kontext Adipositas-assoziierter Erkrankungen und Therapiestrategien 
diskutiert. 
Ziel dieser Studien war insbesondere die Herauskristallisierung von Biomolekülen und 
Stoffwechselwegen zur Charakterisierung des Adipositas-Phänotyps und zur 
Darstellung von Adaptationsmechanismen an invasiven und nicht-invasiven 
Therapieoptionen. Im Wesentlichen ist die OMICS-Technologie nicht als 
eigenständiger Beitrag zur Identifikation von Biomolekülen und Stoffwechselwegen 





3.3 Experimentelle Ansätze zur Proteom-Untersuchung der Adipositas 
Seit der Entschlüsselung des humanen Genoms 2004 (International Human Genome 
Sequencing Consortium, 2004) besteht ein steigendes Interesse der internationalen 
Forschergemeinschaft, die Gesamtheit aller Proteine einer Zelle (>100000) und deren 
Regulation zu entschlüsseln. Bereits im Jahr 1994 prägte der australische 
Wissenschaftler Marc Wilkins auf einer Konferenz im italienischen Siena den Begriff 
«Proteom» (Wilkins, 2009). Im Verlauf der vergangenen Jahrzehnte präsentierte sich 
jedoch die Komplexität des Proteoms in Gegenüberstellung zum Genom als eine 
Herausforderung in seiner gesamtheitlichen Analyse (Kim et al., 2007). Im direkten 
Vergleich zum Erbgut unterliegen Proteine ständiger Auf- und Abbauprozesse, werden 
modifiziert, verlagert oder bilden Komplexe. Die Untersuchung des Proteoms ist 
dementsprechend nicht auf ein einziges Verfahren begrenzt, sondern implementiert die 
Anwendung verschiedener „Hypothesen-freier“ und „Hypothesen-getriebener“ 
Untersuchungsmethoden (Abbildung 1). 
 
Abbildung 1: Darstellung möglicher Hypothesen-getriebener (A) oder Hypothesen-
freier (B) Untersuchungsansätze in Anlehnung an Jungblut und Schlüter (Jungblut und 







4.  Einordung eigener Untersuchungen in allgemeine Aspekte der Proteomik 
In den nachfolgenden Ausführungen werden die eigenen Proteomik-Ansätze im 
Wissenschaftsfeld der Proteomik diskutiert.  
Die Ergebnisse wurden nachfolgend veröffentlicht: 
Oberbach A, Jehmlich N, Schlichting N, Heinrich M, Lehmann S, Wirth H, Till H, 
Stolzenburg JU, Völker U, Adams V, Neuhaus J. Molecular fingerprint of high fat diet 
induced urinary bladder metabolic dysfunction in a rat model. PLoS One. 2013 Jun 24; 
8(6): e66636. (Kapitel 5.1.2) 
Oberbach A, Blüher M, Wirth H, Till H, Kovacs P, Kullnick Y, Schlichting N, Tomm 
JM, Rolle-Kampczyk U, Murugaiyan J, Binder H, Dietrich A, von Bergen M. 
Combined proteomic and metabolomic profiling of serum reveals association of the 
complement system with obesity and identifies novel markers of body fat mass changes. 
J Proteome Res. 2011 Oct 7; 10(10): 4769-88. (Kapitel 5.2.1) 
Oberbach A, Schlichting N, Neuhaus J, Kullnick Y, Lehmann S, Heinrich M, Dietrich 
A, Mohr FW, von Bergen M, Baumann S. Establishing of a reliable multiple reaction 
monitoring-based method for the quantification of obesity associated comorbidities in 
serum and adipose tissue requires intensive clinical validation. J Proteome Res. 2014 
Oct 16. (Kapitel 5.2.3) 
Oberbach A, Neuhaus J, Jehmlich N, Schlichting N, Heinrich M, Kullnick Y, Mohr 
FW, Kugler J, Baumann S, Völker U, Adams V. A global proteome approach in uric 
acid stimulated human aortic endothelial cells revealed regulation of multiple major 
cellular pathways. International Journal of Cardiology 176 (2014) 746–752. (Kapitel 
5.3.1) 
Adams V, Besler C, Fischer T, Riwanto M, Noack F, Höllriegel R, Oberbach A, 
Jehmlich N, Völker U, Winzer EB, Lenk K, Hambrecht R, Schuler G, Linke A, 
Landmesser U, Erbs S. Exercise Training in Patients with Chronic Heart Failure 
Promotes Restoration of High-Density Lipoprotein Functional Properties. Circ Res. 
2013 Dec 6; 113(12): 1345-55. (Kapitel 5.3.2) 
Matsuo Y, Oberbach A (geteilte Erstautorenschaft), Till H, Inge TH, Wabitsch M, 
Moss A, Jehmlich N, Völker U, Müller U, Siegfried W, Kanesawa N, Kurabayashi M, 
Schuler G, Linke A, Adams V. Impaired HDL Function in Obese Adolescent: Impact of 
Lifestyle Intervention and Bariatric Surgery. Obesity (2013) 21, E687–E695. (Kapitel 
5.3.3) 
Ferrer M, Ruiz A, Lanza F, Haange SB, Oberbach A, Till H, Bargiela R, Campoy C, 
Segura MT, Richter M, von Bergen M, Seifert J, Suarez A. Microbiota from the distal 
guts of lean and obese adolescents exhibit partial functional redundancy besides clear 





Haange SB, Oberbach A (geteilte Erstautorenschaft), Schlichting N, Hugenholtz F, 
Smidt H, von Bergen M, Till H, Seifert J. Metaproteome analysis and molecular 
genetics of rat intestinal microbiota reveals section and localization resolved species 
distribution and enzymatic functionalities. J Proteome Res. 2012 Nov 2; 11(11): 5406-
17. (Kapitel 5.4.2) 
Bowen TS, Mangner N, Werner S, Glaser S, Kullnick Y, Schrepper A, Doenst T, 
Oberbach A, Linke A, Steil L, Schuler G, Adams V. Diaphragm muscle weakness in 
mice is early-onset post myocardial infarction and associated with elevated protein 
oxidation. J Appl Physiol (1985). 2014 Oct 30. (Anhang 9.1.1) 
Mangner N, Linke A, Oberbach A, Kullnick Y, Gielen S, Sandri M, Hoellriegel R, 
Matsumoto Y, Schuler G, Adams V. Exercise training prevents TNF-α induced loss of 
force in the diaphragm of mice. PLoS One. 2013; 8(1): e52274 (Anhang 9.1.1) 
Oberbach A, Adams V, Schlichting N, Heinrich M, Kullnick Y, Lehmann S, Lehmann 
S, Feder S, Mohr FW, Völker U, Jehmlich N. Proteomics indicates functional 
variability of HDL particles in CHF patients. Submitted in Progress Lip Research 
Januar 2015 (Anhang 9.1.2) 
 
4.1 Proteomik-Ansätze 
Die Proteom-Analyse schließt sich meist nahtlos an genetische und genomische 
Experimente an, deren Aussagen sie überprüft und erweitert. Die Schlüsseltechnologie 
für die Bestimmung von Proteinen aus Proteingemischen ist bis zum heutigen Tag die 
Massenspektrometrie (MS). Die MS ermöglicht, die Molekülmasse freier Ionen im 
Vakuum zu determinieren (van Baar, 2000) und stellt eine Methode zur Erforschung 
von Biomolekülen dar (Gramolini et al., 2008). Bis zum heutigen Tag existiert jedoch 
keine universelle Methode zur Darstellung des gesamten Proteoms einer Zelle oder 
extrazellulärer Proteingemische im Gegensatz zur Bestimmung des Genoms (DE LA 
Vega et al., 2011). Der Aufbau eines Massenspektrometers besteht vornehmlich aus 
einer Ionenquelle, einem Massenanalysator und einem Detektor. Verschiedene 
Prinzipien der Ionenerzeugung (MALDI, ESI), Auftrennung (DIGE, HPLC) und 
Detektion (TOF/TOF), die auf unterschiedliche Weise miteinander kombiniert werden 
können, ermöglichen spezifische Nachweise von Peptiden und repräsentieren auch die 
Grenzen des jeweiligen Verfahrens (Mallick und Kuster, 2010). In Abhängigkeit der 



















Abbildung 2: Darstellung des prinzipiellen Aufbaus und der 
Kombinationsmöglichkeiten eines Proteomik-Ansatzes in Anlehnung an Mallick und 
Kuster (Mallick und Kuster, 2010). In den Kästchen werden die jeweiligen Methoden 
der eigenen Proteomik-Analysen gekennzeichnet. 
 
Die Kombinationsvielfalt von Proteomik-Plattformen führt zwangsläufig zu 
unterschiedlichen Ergebnissen in der Gegenüberstellung von Studien mit vergleichbaren 
Fragestellungen oder biologischen Geweben. In Abbildung 2 wird eine Auswahl an 
möglichen Kombinationen eines Workflows zur Identifikation des Proteoms mittels 
Proteomik-Plattformen verdeutlicht. Die Darstellung zeigt einen Auszug der 
technischen Expertise in einem Ansatz zur Proteom-Analyse und repräsentiert 
insbesondere die eigenen zur Anwendung gekommenen Proteomik-Verfahren (Mallick 
und Kuster, 2010). Die Extraktion des Proteoms richtet sich im Wesentlichen nach dem 
zu untersuchenden Gewebe oder dem Proteingemisch. In eigenen wissenschaftlichen 
Arbeiten wurde bspw. das Proteom des Blutserums (Oberbach et al., 2011), von 
Lipoproteinpartikeln (Matsuo et al., 2013), Zellkulturlinien wie Aorten-Endothelzellen 
(Oberbach et al., 2014b) oder komplexem Gewebe wie der Harnblase (Oberbach et al., 
2013) und das Proteom von Bakterien (Haange et al., 2012; Ferrer et al., 2013) mit 
unterschiedlichen Herangehensweisen aufgeschlossen und einer Identifikation 
zugeführt. Dabei konnte durch eine anschließende Vorfraktionierung des 




4.1.1  Vorfraktionierung von Proteingemischen 
Die Wissenschaftslandschaft stellt vielfältige Methoden zur Auftrennung von 
Proteingemischen zur Verfügung (Abbildung 2). Sie reichen von 1D/2D-Gel-separierten 
Proteintrennverfahren (Oberbach et al., 2011) bis hin zu 1D- bzw. 2D-Gel-freien 
Trennverfahren mittels Chromatographie (Matsuo et al., 2013). Einen besonderen 
Stellenwert in der Gel-basierten Proteom-Analyse hat das 2D-DIGE-Verfahren 
(Abbildung 3). Durch die Trennung von Proteingemischen nach ihrem isoelektrischen 
Punkt, und nachfolgend in der zweiten Dimension entsprechend ihres 
Molekulargewichtes, ist es möglich, hunderte von Proteinen sichtbar zu machen und 
massenspektrometrisch zu analysieren (Oberbach et al., 2011). Diese Methode gestattet 
bspw. die Identifikation und Quantifikation von differentiell regulierten, 
posttranslational modifizierten Proteinen (Anhang 9.1.1, Mangner et al., 2013; Bowen 
et al., 2014). Eine Untersuchung der posttranslational modifizierten Proteine kann 
zusätzliche Informationen im Hinblick auf das funktionelle Proteom generieren 
(Mangner et al., 2013; Bowen et al., 2014). So konnte in eigenen Untersuchungen die 
differentielle Regulation von carbonylierten Proteinen der diaphragmalen Muskulatur 
im Rattenmodell mittels 2D-DIGE ermittelt werden (Bowen et al., 2014). Im Fokus 
wissenschaftlichen Interesses stand hier die Untersuchung des Proteins Kreatinkinase. 
Die Carbonylierung dieses Proteins führt zur Verminderung der Kontraktionsfähigkeit 
der Muskulatur und Kenntnisse über die funktionale Änderung belegen eindrucksvoll, 
dass nicht in jedem Fall die Abundanz der Proteine die Schlüsselrolle in der Anpassung 







Abbildung 3: Workflow 2D-DIGE-Analyse von der Protein-Präparation zur Spot-
Identifikation mittel MS-Analyse und anschließender Mascot-Abgleich des PMF in 
Anlehnung an Oberbach et al. (Oberbach et al., 2011). 
 
Die Grenzen der 2D-Gelelektrophorese werden bspw. durch den Bereich der Massen- 
und pH-Auftrennung determiniert. Proteine mit großem (>200kDa) oder geringem 
Molekulargewicht (<5-20kDa) sowie mit extremen pH-Werten, wie etwa hydrophobe 
Membranproteine, sind in der 2D-Gelelektrophorese nicht hinreichend abbildbar (Tonge 
et al., 2001). Eine weitere Herausforderung ist die Identifikation des tatsächlich 
regulierten Proteins im 2D-DIGE. Die Auftrennung nach pH-Wert und 
Molekulargewicht erbringt nicht in jedem Fall ein singuläres Protein (Oberbach et al., 
2011). In der Analysesoftware (z.B. Decodon-Software) werden die Gel-Spots nach 
ihrer differentiellen Intensität als quantitatives Merkmal ausgewählt und verglichen. Im 
zweiten Schritt werden die Spots von Interesse ausgeschnitten und nach Verdau 
massenspektrometrisch analysiert. In der eigenen Untersuchung des Serum-Proteoms 
ergaben sich 2 mögliche Proteine als differentiell reguliert mit vergleichbarem pH-Wert 
und Molekulargewicht. Die Validierung des Ergebnisses erfolgte in diesem Fall durch 
ELISA-Analysen des Serums (Oberbach et al., 2011).  
Die Erarbeitung Gel-freier Vorfraktionierungsmethoden führte zu einer bedeutsamen 
Erhöhung identifizierbarer Proteine in globalen Proteom-Studien (Adams et al., 2013; 
Matsuo et al., 2013; Oberbach et al., submitted 2015 (Kapitel 9.1.2)). Ein Beispiel 
hierfür ist die multidimensionale Proteinidentifikationstechnologie (MudPIT) 
(Washburn, 2004; Kislinger et al., 2005). Die Auftrennung erfolgt hier mit 




Separation der Proteinfraktionen stehen verschiedene chromatographische Verfahren 
wie bspw. die HPLC (Matsuo et al., 2013), UPLC (Oberbach et al., 2014f) oder 
gaschromatographische Methoden zur Verfügung (Breci et al., 2005). Die erste 
Dimension ist ein starker Kationenaustauscher („Strong Cation Exchange“, SCX) 
gefolgt von einer Umkehrphasen-Chromatographie (RP), die die Trennung der Proteine 
nach Hydrophobizität durchführt und Salze entfernt. In eigenen Untersuchungen des 
HDL-Proteoms von Patienten mit Herzinsuffizienz wurde der Einfluss einer 
Vorfraktionierung auf die Ausbeute des Proteoms besonders deutlich.  
Im ersten Studienansatz stand die verminderte Funktion der HDL-Partikel im Sinne 
einer CHF-assoziierten, reduzierten endothelial-vermittelten NO-Expression im 
Mittelpunkt der Fragestellung (Adams et al., 2013). Die Bestimmung des HDL-
Proteoms sollte klären, ob die unterschiedliche Funktion der HDL-Partikel im Vergleich 
von CHF-Patienten mit Kontrollpatienten durch einen differentiellen Proteombesatz 
erklärt werden kann. Zur Anwendung kam eine 1D-Vorfraktionierung mittels „reverse 
phase nano HPLC“ (15cm Acclaim PepMap RSLC-column (C18 2μm, 100 Å)) (Adams 
et al., 2013). Insgesamt wurden 709 differentielle Peptide identifiziert, die 134 
verschiedene Proteine repräsentieren (Kapitel 5.3.2). 
In einem weiteren Forschungsansatz unter Verwendung der gleichen Patientenkohorte 
stand die maximale Identifikation des HDL-assoziierten Proteoms im Fokus der 
wissenschaftlichen Fragestellung (Kapitel 5.3.4). Hierfür wurde eine 2D-
Vorfraktionierung des Proteoms mittels Ionenaustauschersäule (SCX) und einer 
Reversed-Phase-Säule (RP) durchgeführt. Bei diesen Techniken werden die zu 
analysierenden Peptide durch injizierte Salzlösungen steigender Konzentration in der 
ersten Dimension von der SCX eluiert und anschließend auf einer Anreicherungssäule 
festgehalten. Von dort werden sie mittels eines organischen Eluentengradienten auf eine 
analytische RP-Säule überführt und dort vor der massenspektrometrischen Analyse 
getrennt (Vollmer et al., 2004). Insgesamt wurden 2148 verschiedene Peptide 
identifiziert, die 494 unterschiedliche Proteine repräsentieren, und im Vergleich zur 
Literatur zeigen sich 328 neu identifizierte HDL-assoziierte Proteine (Kapitel 5.3.4). 
Die Vorteile der 2D-LC-MS/MS gegenüber 1D-Auftrennungsverfahren liegen in einer 
besseren Vorfraktionierung des Proteingemisches vor MS-Analyse, führen jedoch zu 
einem erheblichen technischen Aufwand und somit zu einer Steigerung der Analysezeit. 
Dies mindert die Möglichkeit, eine Vielzahl komplexer Gemische (Proben) im 




4.1.2 Methoden zur massenspektrometrischen Charakterisierung 
Die Wahl des Massenspektrometers richtet sich häufig nach der Verfügbarkeit des 
Messgerätes und der zu erwartenden Komplexität des Proteingemischs. Das MALDI-
MS nutzt prinzipiell Laserenergie zur Ionisierung von Proteinen und wird aktuell als 
Routineanalysemethode in der Mikrobiologie zur Identifikation von Bakterien 
eingesetzt (Bervoets et al., 2013; Biswas und Rolain, 2013). Dieses Verfahren gestattet 
die Auflösung von schwer-flüchtigen, hochmolekularen Biomolekülen mit einem 
Minimum an Abbaureaktionen. In diesem Ionisierungsverfahren werden Matrix-
Moleküle durch einen (UV-)Laserstrahl angeregt und die Matrix überträgt die Energie 
auf die im Kristall eingebauten Analytmoleküle. Diese Analytmoleküle werden 
desorbiert sowie ionisiert und protonieren Matrixmoleküle als Säuren (Zaima et al., 
2014). 
In der Untersuchung des Proteoms komplexer Gemische hat sich jedoch in den letzten 
Jahren die Elektronenspray-Ionisation (ESI) in Kombination mit verschiedenen 
Massenanalysatoren etabliert (Ho et al., 2003). Bei diesem Verfahren wird die Lösung 
mit dem Analyt aus einer feinen Kapillare unter Umgebungsdruck versprüht, wobei an 
der Kapillare eine Spannung von 1 bis 5kV anliegt und nachfolgend geladene 
Tröpfchen zum MS beschleunigt werden. Das Lösungsmittel verdampft, die „Tropfen 
trocknen ein“ und die protonierten Analytmoleküle werden zum Analysator 
weitergeleitet.  
Sowohl MALDI- als auch ESI-Verfahren fanden in den eigenen Untersuchungen 
Anwendung (Oberbach et al., 2011; Oberbach et al., 2014b). Die Priorität wurde in den 
aktuellen Studien jedoch aufgrund der Möglichkeit zum Hochdurchsatzverfahren dem 
ESI-MS eingeräumt (Oberbach et al., 2014f). 
 
4.1.3 Peptidmassenfingerprint (PMF) 
Nach gelungener Detektion von Massenspektren erfolgt ein Abgleich der Massen 
(PMF) mit vorhandenen Datenbanken zur Identifikation der Peptidsequenzen bzw. 
Proteine. Prinzipiell beruht die Erkennung von Peptidsequenzen auf der Generierung 
von Fragmentionsspektren (MS/MS) und deren Korrelation mit in silico verdauten und 
prozessierten Proteindatenbanken unter Anwendung etablierter Suchalgorithmen wie 
bspw. Sequest (Perkins et al., 1999), Jump (Wang et al., 2014b) X!Tandem (Yang et al., 




Bereits im Jahr 1993 arbeiteten mehrere Wissenschaftler unabhängig voneinander an 
dieser Entwicklung (Henzel et al., 1993; Mann et al., 1993; Pappin et al., 1993). Die 
gebräuchlichste Datenbank ist Mascot und diese wiederum basiert auf der MOlecular 
Weight SEarch (MOWSE) Methode, die 1993 von der Arbeitsgruppe um Pappin et al. 
entwickelt wurde (Pappin et al., 1993). Häufig ist die Information aus dem PMF nicht 
ausreichend, um mit statistisch signifikanter Wahrscheinlichkeit Aussagen über die 
Zugehörigkeit des Peptides zum Protein zu gewährleisten. In diesen Fällen erfolgt die 
De Novo-Sequenzierung der Peptide mit Unterstützung der Tandem-MS-Technologie 
(Dancík et al., 1999). Im Unterschied zum PMF ist bei der De Novo-Sequenzierung 
nicht die Anzahl der gefundenen Peptide entscheidend, vielmehr die Qualität der 
Fragmentspektren und damit wird die Länge der ermittelten (Teil-)Sequenz bewertet. 
Zwar ermöglicht die MALDI-MS eine De Novo-Sequenzierung (MALDI-PSD) von 
Peptiden, jedoch bleibt die Interpretation der Spektren (mindere Qualität der 
Fragmentierungssignale) eingeschränkt. Hieraus ergibt sich ein weiterer Nutzen und 
Einsatzbereich der ESI-MS-Technologie, die eine effiziente De Novo-Sequenzierung 
von Peptiden im Hochdurchsatzverfahren ermöglicht (Fu und Li, 2005). 
Auch der Abgleich der PMFs mit einer Datenbank setzt Kenntnisse oder Vermutungen 
über die Zusammensetzung des Proteingemischs von Interesse voraus. So können bspw. 
in einem Proteingemisch Peptide pro- oder eukaryotischer Herkunft sein und die 
Identifikation gelingt nur hinreichend suffizient, wenn die jeweilige Datenbankabfrage 
erfolgt. Diese Herausforderung soll an einem Beispiel näher dargestellt werden: In einer 
eigenen Untersuchung des HDL-Proteoms (Kapitel 5.3.4) wurde deutlich, dass ca. 50 
Prozent der Spektren nicht durch die Datenbanken zur Identifikation von Peptiden 
führen. Dies kann durch eine posttranslationalen Modifikation der Proteine 
(Carbonylierung, Phosphorylierung), fehlende Datenbankeinträge oder qualitativ 
unzureichende Spektren erklärt werden. Eine weitere besondere Herausforderung ist, 
dass in komplexen Gemischen verschiedene Spezies wie bspw. humane Proteine mit 
bakteriellen Proteinen ko-lokalisiert sein können (Kapitel 5.3.4). Der Abgleich der 
Spektren mit den jeweils spezifischen Datenbanken (Human vs. Bakterien) führte in der 
Untersuchung des HDL-Proteoms zur erstmaligen Identifikation von Bakterien-
spezifischen Peptiden. Insbesondere im Forschungsbereich des Mikrobioms werden in 
den nächsten Jahren die Anzahl der Datenbankeinträge (PMFs) deutlich steigen; somit 





4.1.4  Quantitative Analyse eines Proteomik-Ansatzes  
In der Literatur werden vielfältige labelfreie (Matzke et al., 2013; Megger et al., 2013) 
und labelbasierende (Ong und Mann, 2006) Verfahren zur Quantifizierung von 
Proteom-Ansätzen beschrieben (Bantscheff et al., 2007; Elliott et al., 2009). 
Grundsätzlich können mittels Massenspektrometer keine absoluten Messwerte 
aufgenommen werden und für eine quantitative Analyse ist der Vergleich der Analyten 
mit einer Referenz unumgänglich. Diese Referenz kann sowohl als interner (gleichzeitig 
mit der Messung) oder als externer Standard (separate Messung) zur Quantifizierung 
genutzt werden. Die Quantifizierung eines labelfreien Proteom-Ansatzes erfolgt über 
die Darstellung der Peakflächen (intensity based quantification) oder durch das Zählen 
der MS/MS-Spektren (spectral counting) der Peptide eines Proteins. Mittels Extracted 
Ion-Chromatogramme (EIC) werden die Peakflächen in der Referenz und der Probe 
quantifiziert und im Anschluss durch Integration der Area Under the Curve (AUC) das 
Verhältnis der Flächen von Referenz und Probe determiniert (Chelius und Bondarenko, 
2002). Die Resultate unterliegen jedoch sehr stark der Reproduzierbarkeit der 
Probenpräparation und der jeweiligen LC-MS-Läufe. 
In eigenen Arbeiten (Matsuo et al., 2013; Oberbach et al., 2013; Oberbach et al., 2014b) 
wurde in Anlehnung an Gao et al. (2003) eine alternative Methode zur Quantifizierung 
durch das Zählen von MS/MS-Spektren zur Quantifizierung präferiert (Gao et al., 
2003). In Studien von Old et al. (2005) konnte eine hohe Korrelation der 
experimentellen Werte im Vergleich zum Quantifizieren über die Peakflächen ermittelt 
werden (Old et al., 2005). Eine weitere Möglichkeit zur Quantifizierung eines 
Proteomgemischs ist die Implementierung stabiler Isotope ins Peptid (Hoedt et al., 
2014). Die verschiedenen in der Wissenschaftslandschaft verwendeten Methoden 
unterscheiden sich durch eine unterschiedliche Massenmarkierung bei der 
Probenvorbereitung und durch mögliche chemische Modifikation des Proteins/Peptids. 
Vor allem der Einsatz stabiler Isotope (Kohlenstoff, Sauerstoff, Stickstoff oder 
Wasserstoff) findet stetig wachsende Anwendung in globalen Proteom-Studien. In 
eigenen Untersuchungen im Rattenmodell wurden 15N-markierte Aminosäuren in der 
Nahrungsquelle implementiert und der Stickstofffluss bzw. die Einbaurate im 
Mikrobiom der Darmmukosa untersucht. Mit dieser Methode konnten wesentliche 
Einblicke in die Stoffwechselaktivität des Mikrobioms nach Hochfettdiät (HFD) 
gewonnen werden (Kapitel 5.4.3). Eine Besonderheit in der Quantifizierung eines 




Proteine vor einer Auftrennung des Proteingemischs mittels Fluoreszenzfarbstoffen 
(Cy2, Cy3, Cy5) markiert und nach Auftrennung können die Farbintensitäten als 
Grauwerte relativ zueinander verglichen werden (Oberbach et al., 2011).  
 
4.2 Analyseansätze in der Proteomik 
Die Wissenschaftslandschaft im Fachgebiet der Proteomik unterscheidet den „Top-
Down“- und „Bottom-Up“-Ansatz (Savaryn et al., 2013). Die Definition dieser 
Technologieansätze findet jedoch nicht konsistent in allen Literaturquellen Anwendung. 
Die Termini werden sowohl auf die primäre Separation des Proteingemisches als auch 
auf den Verdau vor Injektion in das Massenspektrometer bezogen (Reid und McLuckey, 
2002). Die vorliegenden Untersuchungen verwenden die Definition von Reid et al. 
(2002) als Grundlage für die Einordnung der eigenen Proteomik-Ansätze und beziehen 
sich auf den Verdau des Proteingemisches vor MS (Reid und McLuckey, 2002).  
 
4.2.1 Top-Down-Ansatz 
In Gegenüberstellung zur Bottom-Up-Analytik, bei der vorab das Proteingemisch 
mittels Trypsin in Peptide verdaut wird, bietet der Top-Down-Ansatz, ohne 
proteolytischen Schritt, Informationen über intakte Peptid/Proteinmassen (Brand et al., 
07.06). Im Top Down können mittels 4D-Gel-Separation Peptide aufgetrennt und einer 
nachfolgenden Analyse zugeführt werden. Durch diese spezielle Trennung der Proteine 
gelang es der Arbeitsgruppe um Tran et al. (2011) 1043 Genprodukte aus humanen 
Zelllinien nachzuweisen (Tran et al., 2011). Im Rahmen der eigenen wissenschaftlichen 
Arbeiten fanden jedoch ausschließlich Bottom-Up-Analysen Anwendung. Der Vorteil 
in einer Top-Down-Analyse liegt in einer möglichen Charakterisierung von alternativen 
Spliceformen und verschiedenen Proteinmodifikationen wie Acetylierung oder 
Methylierung (Kelleher et al., 2014). Die Limitierung dieses Ansatzes liegt in seiner 
begrenzten Anzahl identifizierter Proteine durch geeignete Auftrennungsverfahren 
(Savaryn et al., 2013).  
 
4.2.2 Bottom-Up-Ansatz 
Prinzipiell werden im Bottom-Up-Proteomik-Ansatz die Proteine bzw. das 
Proteingemisch in vitro enzymatisch verdaut und anschließend massenspektrometrisch 




Technologieplattform einen deutlichen wissenschaftlichen Aufschwung und es gelang, 
mehr als 5000 Proteine innerhalb eines Proteingemischs zu verifizieren. Eigene 
Untersuchungen nutzten nach Vorseparierung des Proteingemisches mittels 2D-
Gelelektrophorese (2D-GE) und anschließendem „In-Gel“-Verdau, die Bottom-Up-
Analytik zur Identifikation von differentiell exprimierten Proteinen aus Serum-Proben 
(Oberbach et al., 2011). Diese Vorgehensweise gestattet eine Vorab-Quantifizierung 
von fluoreszenzmarkierten Spots und eine nachträgliche Bestimmung differentiell 
exprimierter Proteine auf der Ebene von Isoformen. Ein weiterer Vorteil des Verfahrens 
besteht im Einsatz von fluoreszenzmarkierten Verbindungen, die spezifische 
Eigenschaften wie Carbonylierung von Proteinen identifizieren und letztendlich 
quantifizieren. Die Aufdeckung von Unterschieden in der Charakteristik von Proteinen 
geschieht jedoch vor dem Verdau des Analyten (Abbildung 3). Alternativ zur 2D-
DIGE-Methode ist der Shotgun-Proteomik-Ansatz erarbeitet worden (Old et al., 2005). 
In dieser Methode werden Proteine vor der Auftrennung des Proteingemisches verdaut, 
die resultierenden Peptide auf der Basis von LC-MS getrennt, analysiert und die 
charakteristischen Proteine identifiziert (Abbildung 4). Eine Quantifizierung über den 
Shotgun-Ansatz ist nur dann möglich, wenn von jedem Protein jeweils mindestens ein 
in seiner Struktur einzigartiges Peptid bekannt ist und es zur Quantifizierung 
herangezogen werden kann (Old et al., 2005).  
Eigene Untersuchungen von humanen Aorten-Endothelzellen (HAEC) nutzen den 
Shotgun-Proteomik-Ansatz zur Identifizierung des regulierten Zellproteoms nach 






Abbildung 4: Exemplarische Darstellung eines Bottom-Up-Proteomik-Ansatzes in 
Anlehnung an Oberbach et al. (Oberbach et al., 2014b). 
 
Insgesamt konnten 2736 unique Peptide annotiert werden, die 771 verschiedenen 
Proteinen entsprachen (auf 1 Peptid-Level bestimmter PMFs) bzw. 420 Proteinen (≥2 
Peptide-Identifikation pro Protein) (Oberbach et al., 2014b). 
Die Shotgun-Proteomik als Bottom-Up-Analytik unterliegt auch methodischen Grenzen 
bis hin zu praktischen Einschränkungen. Zum einen werden nur Fragmente des 
gesamten Proteins analysiert. Genetische Studien verweisen jedoch auf eine Vielzahl 
von Proteinspezies durch posttranskriptionale Modifikation wie dem „alternativen 
Spleißen“. Zum anderen belegen molekularbiologische Erkenntnisse den wichtigen 
Einfluss posttranslationaler Modifikation durch bspw. Phosphorylieren, Glykolisieren 
oder Carbonylieren auf die Funktion des Proteins. Die praktische Limitierung erfährt 
die Bottom-Up-Analytik durch die Komplexität eines Proteingemisches. Im Anschluss 
an den notwendigen Einsatz von Hochleistungsflüssigkeitschromatographie benötigt die 
Analyse einer Probe oft etliche Stunden und ist somit für einen Routineeinsatz mehrerer 
Analyten im Hochdurchsatzverfahren nur eingeschränkt geeignet. Der Vorteil einer 
Bottom-Up- gegenüber einer Top-Down-Analytik besteht jedoch in der Generierung 




Hochdurchsatzverfahren genutzt werden können (Desiere et al., 2006). In den 
vergangenen Jahren haben viele Untersuchungen der Adipositas zahlreiche Biomarker 
zur Risikoquantifizierung der Komorbiditäten sowohl im Kindesalter (Reinehr et al., 
2009; Koncsos et al., 2010) als auch im Erwachsenenalter (Pisto et al., 2011) 
herauskristallisiert.  
 
4.3  Global- und Targeted-Proteomik-Strategie 
Ein Proteomik-Experiment zielt entweder auf die „globale“ Expression aller Proteine ab 
oder dient der Bestimmung gezielter Proteine im Sinne einer “targeted Proteomik-
Strategie“ (Veenstra, 2007). In den vorangegangenen Kapiteln wurde das Grundprinzip 
der globalen Proteomik-Strategie eingehend dargestellt und die eigenen 
wissenschaftlichen Beiträge diskutiert. Nachfolgend soll insbesondere der Stellenwert 
einer Targeted-Proteomik-Strategie hervorgehoben werden. Es zeigt sich jedoch, dass 
mit wachsenden Erkenntnissen im Wissenschaftsumfeld der Proteomik integrative 
Forschungsansätze beider Proteomik-Strategien Anwendung finden (Yocum et al., 
2008; Shen et al., 2014). Unter Anwendung von Shotgun-Proteomik-Ansätzen können 
die ermittelten Peptidspektren von Interesse als Grundlage für eine quantitative 
Validierung herangezogen werden (Kapitel 5.2.3). 
 
4.3.1 Von der Global-Proteomik-Strategie zur Ingenuity Pathway Analysis 
Die Global-Proteomik-Strategie wird häufig auch als Shotgun-Proteomik bezeichnet 
und hat im Wesentlichen die Identifikation neuer Biomarker zum Inhalt (Kline et al., 
2009). Ein populäres Beispiel für eine Shotgun-Proteomik-Plattform ist die MudPIT-
Analyse (Kapitel 4.1.1; Washburn et al., 2001). Zusätzlich zur Identifikation von 
Biomarkern gestattet die Erarbeitung von komplexen Datenbankstrukturen die 
Darstellung von pathophysiologisch relevanten Signalwegen (Oberbach et al., 2013; 
Oberbach et al., 2014b). Beispielhaft sei an dieser Stelle die „Ingenuity Pathway 
Analysis“ (IPA) erwähnt (Dai et al., 2013). Die IPA ist ein Web-basierendes 
Softwareprogramm und unterstützt insbesondere den Prozess der Hypothesenbildung im 
Anschluss an ein Proteomik-Experiment (Oberbach et al., 2014b). In eigenen 
Untersuchungen konnten durch die konsequente Anwendung dieser Analyseplattform 
verschiedene Signalwege von Interesse aufgedeckt und anschließend validiert werden 




4.3.2 Targeted-Proteomik – Entwicklung eines MRM-Assays  
Multiple Reaction Monitoring (MRM), auch bekannt als Selective Reaction Monitoring 
(SRM), ist eine spezifische und sensitive massenspektrometrisch basierende 
Technologieplattform zur Quantifizierung von Proteinen, Peptiden, Metaboliten und 
Lipiden. Die Analyse fokussiert auf die Quantifizierung eines Sets an vorbekannten 
Biomolekülen. Durch die hohe Sensitivität der Methode können niedrig abundante 
Peptide mit einer geringen Anzahl an Kopien in komplexen Gemischen nachgewiesen 
werden (Oberbach et al., 2014f). 
Grundlage dieser Methode ist die Anwendung eines Triple‐Quadrupol-
Massenspektrometers in Kombination mit einem vordefinierten SRM‐Übergang 
bestehend aus den m/z-Werten eines Vorläufer-Ions sowie eines dazugehörigen 
Fragment-Ions (Abbildung 5). Der erste Quadrupol (Q1) fungiert als Massenfilter, der 
das Vorläufer-Ion mit einem m/z‐Wert filtriert. Im zweiten Quadrupol (Q2) werden 
durch kollisionsinduzierte Dissoziation die Ionen fragmentiert und durchqueren letztlich 
das dritte Quadrupol (Q3). Der nachgeschaltete Detektor registriert nur ein Signal, wenn 
ein definiertes Vorläufer/Fragment-Ion den Triple-Quadrupol durchläuft. Die möglichen 
Vorläufer/Fragment-Ionen von Interesse können entweder aus Shotgun-Proteomik-
Experimenten oder aus Datenbanken entnommen werden (Kapitel 5.2.3). 
 





Um die Spezifität einer MRM-basierten Analyse des Peptides zu erhöhen, werden 3 bis 
4 SRM-Übergänge pro Peptid verwendet (Oberbach et al., 2014f). Die Entwicklung des 
MRM-Assays beinhaltet die Erarbeitung und Optimierung der (1.) Kollisionsenergie, 
(2.) des Isolationsfensters zur Validierung der Selektivität der Massenfilter Q1/Q3 
sowie (3.) zeitabhängige Scans zur Maximierung der Zahl der individuellen Transit-
Ionen.  
Ein MRM-Assay gestattet die Quantifizierung mehrerer Proteine bzw. Peptide in einer 
Probe in einem Messzyklus. Die Verwendung von Peptiden als Analyse-Target bedarf 
jedoch einer umfangreichen Validierung des Assays. In einer umfassenden Studie 
(Kapitel 5.2.3) wurden die Herausforderungen in der Erarbeitung eines MRM-Assays 








5. Zusammenfassung der publizierten Forschungsergebnisse 
5.1 In-vitro- und In-vivo-Proteom-Analyse der Harnblasendysfunktion 
In den vergangenen Jahrzehnten ist die Volkskrankheit Adipositas mit seiner Vielzahl 
an Komorbiditäten zur weltweiten Pandemie angewachsen (Noria und Grantcharov, 
2013). Im Fokus wissenschaftlichen Interesses stand dabei besonders die Assoziation 
mit Diabetes, Nieren- und Herz-Kreislauf-Erkrankungen oder Tumorleiden (Guh et al., 
2009). Mit steigenden Forschungserkenntnissen wächst jedoch das Bewusstsein, dass 
Adipositas für weit mehr Organdysfunktionen verantwortlich ist, als bisher 
angenommen (Noria und Grantcharov, 2013). Weniger publik ist bis zum heutigen Tag 
der Zusammenhang zwischen Adipositas und urologischen Funktionsstörungen (Elia et 
al., 2001; Ebbesen et al., 2013) wie bspw. dem erhöhten Risiko für 
Harnwegsinfektionen, Pyelonephritis (Semins et al., 2012), Miktionsstörungen und 
Symptomen der überaktiven Harnblase. In eigenen Studien im Tiermodell wurde der 
Einfluss der Hochfettdiät (HFD) und des daraus resultierenden Phänotyps der 
Adipositas auf die Harnblasendysfunktion untersucht.  
Mithilfe einer globalen Proteomik-Analyse und anschließender Ingenuity Pathway 
Analysis (IPA) konnten sowohl pathophysiologisch relevante Proteine als auch 
komplexe Signalwege unter dem Einfluss einer HFD identifiziert werden (Oberbach et 
al., 2013). Die molekularen Aspekte geben wesentliche Hinweise zum Verständnis der 
Entstehung von Miktionsstörungen bzw. der überaktiven Harnblase. Um die Effekte 
einer metabolisch-chirurgischen Intervention auf die Harnblasendysfunktion zu 
eruieren, wurden HFD-gefütterte Ratten einer Sleeve-Gastrektomie-Intervention (SG) 
unterzogen und morphologische sowie molekulare Aspekte untersucht (Oberbach et al., 
2014e). Im Ergebnis dieser Untersuchungen kann der Einfluss einer HFD auf die 
Störung der Harnblasenfunktion als vielschichtig angenommen werden. Die Literatur 
belegt nachhaltig, dass vor allem die gesättigte C16-Fettsäure Palmitat schädigend auf 
zelluläre Prozesse verschiedener Organe einwirkt (Staiger et al., 2004; Hall et al., 2014). 
Eigene Untersuchungen in primären Zellkulturen humaner Detrusormyozyten 
analysierten die spezifischen Effekte von Palmitat auf die zelluläre Vitalität und 
Apoptose (Oberbach et al., 2012b) sowie das Expressionsprofil und endo-, para- und 
juxtakrine Regelmechanismen der Zytokine Interleukin-6 (IL-6) und Monocyte 
Chemoattractant Protein-1 (MCP-1) (Oberbach et al., 2010). Einreihend in die aktuellen 




Zusammenhang zwischen Adipositas und Harnblasendysfunktion. Insbesondere die 
Proteom-Analyse vertieft den Einblick in die Komplexität der Regelmechanismen. 
5.1.1  Funktionelle Aspekte der Adipositas-assoziierten Harnblasenstörungen 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 31-37): 
Oberbach A, Schlichting N, Heinrich M, Stolzenburg JU, Neuhaus J.  
High fat diet induced molecular and physiological dysfunction of the urinary bladder in 
a rat model. 
Urologe A. 2014 Nov 22. German. 
 
Einleitung und wissenschaftlicher Hintergrund: In einer Originalarbeit wurden 
eigene Veröffentlichungen über den Einfluss der Adipositas auf 
Harnblasenfunktionsstörungen diskutiert. Die wissenschaftliche Abhandlung zeigt 
zusätzlich zu eigenen tierexperimentellen Daten die Entstehung und Erarbeitung der 
Fragestellung aus den bereits veröffentlichten In-vitro- und In-vivo-Studien, um ein 
umfassendes Bild des Problems aufzuzeigen. Dieser experimentell-chirurgische Ansatz 
soll die urologische Fachgemeinschaft für die Adipositas-assoziierten 
Harnblasenfunktionsstörungen sensibilisieren und humane Studien in diesem 
Forschungsschwerpunkt anregen. 
Ziel: Der vorliegende Beitrag untersucht insbesondere die Pathophysiologie Adipositas-
assoziierter Harnblasendysfunktion beginnend mit der Epidemiologie, klinischen 
Symptomkomplexen, molekularbiologischen Aspekten bis hin zu anatomisch 
strukturellen Anpassungsmechanismen. Außerdem wurde im Rahmen 
tierexperimenteller Arbeiten der Einfluss von Hochfettdiät (HFD) auf die 
Harnblasenkontraktion geprüft. 
Material und Methoden: Zusätzlich zur Darstellung des aktuellen Wissenschafts-
standes aus der Literatur und eigenen Voruntersuchungen wurde im experimentellen 
Teil der Arbeit ein Rattenmodell für HFD in Sprague-Dawley-Ratten (n=15) etabliert. 
Die Randomisierung der tierexperimentellen Gruppen, Niedrigfettdiät (LFD, 10% 
Energie aus Fett), Normaldiät (ND, 11%), Hochfettdiät (HFD, 45%) erfolgte im Alter 
von 4 Wochen und die spezifische Fütterung erfolgte über einen Zeitraum von 11 
Wochen. Die Phänotypisierung der Ratten umfasste u.a. die Darstellung des 
Lipidstoffwechsels, der Blutglukosehomöostase mittels intraperitonealen 




CRP. Zur Bestimmung der Harnblasenkontraktilität wurden Ex-vivo-
Organbaduntersuchungen an Harnblasenringen durchgeführt. Die Quantifizierung der 
muskarinergen M2- und M3-Rezeptoren erfolgte mittels konfokaler 
Immunofluoreszenz. 
Ergebnisse: Epidemiologie. Harnblasendysfunktionen sind eine der häufigsten 
Adipositas-assoziierten Komorbiditäten, wobei Funktionsstörungen wie eingeschränkte 
Miktionsfähigkeit mit Restharnbildung oder Symptome der überaktiven Blase im 
Vordergrund stehen. 
Klinische Symptomkomplexe. Neben einer erhöhten Inzidenz für chronische 
Harnwegsinfektionen und Miktionsstörungen (Voiding dysfunction) im Sinne von 
Detrusor-Sphinkter-Dyssynergien, Detrusor- oder Sphinkter-Kontraktionsstörungen 
werden auch Symptome der überaktiven Blase (OAB) beobachtet. 
Molekularbiologische Aspekte. In Zellkulturexperimenten konnten wir zeigen, dass die 
Stimulation der Detrusormyozyten mit Palmitat zu einer Induktion von IL-6 und dem 
makrophagen-chemotaktischen Protein MCP-1 führt. Interessanterweise wird IL-6 von 
den Detrusormyozyten sekretiert und bewirkt eine parakrine Autostimulation über 
JAK/STAT-Rezeptoren. In weiteren Experimenten fanden wir eine Hochregulation der 
Zell-Zell-Kommunikation via Cx43-positive Gap Junctions durch IL-6. 
Anatomisch strukturelle Anpassungsmechanismen. Im Rattenmodell bewirkte HFD eine 
starke Fibrosierung der Harnblasenwand und eine Herunterregulation des 
muskarinischen M3-Rezeptors, was zu einer verminderten Kontraktilität der Harnblase 
führte. 
Schlussfolgerungen: Die wissenschaftlichen Erkenntnisse im klinisch-experimentellen 
Bereich der urologischen Forschung sind rudimentär. Die vorliegenden Ergebnisse 
unterstreichen die Bedeutung der Adipositas für urologische Funktionsstörungen. 
Angesichts der epidemiologischen Dimension der Adipositas mit stetig steigenden 
Fallzahlen ist eine Neubewertung dieser pathologischen Kondition in der Urologie 
notwendig. 
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Hochfettdiät induziert 
molekulare und physiologische 
Dysfunktionen der Harnblase
Hintergrund und Fragestellung
In den vergangenen Jahrzehnten ist die 
Volkskrankheit Adipositas mit seiner 
Vielzahl an Komorbiditäten zur weltwei-
ten Pandemie angewachsen [18]. Im Fo-
kus wissenschaftlichen Interesses stand 
insbesondere die Assoziation mit Dia-
betes und Herz-Kreislauf-Erkrankun-
gen [24]. Mit zunehmenden Forschungs-
erkenntnissen steigt jedoch auch das Be-
wusstsein, dass die Fettleibigkeit für weit 
mehr Organdysfunktionen verantwort-
lich ist, als bisher angenommen [18]. We-
niger publik ist bis zum heutigen Tag der 
Zusammenhang zwischen Adipositas und 
verschiedenen urologischen Funktions-
störungen [6, 7] und dem erhöhten Risi-
ko für Harnwegsinfektionen (HWI) und 
Pyelonephritis [26].
Der vorliegende Beitrag untersucht 
insbesondere die Pathophysiologie der 
adipositasassoziierten Harnblasendys-
funktion beginnend mit der Epidemiolo-
gie, klinischen Symptomkomplexen, ana-
tomisch strukturellen Anpassungsmecha-
nismen bis hin zu molekularbiologischen 
Aspekten und therapeutischen Interven-
tionen.
Epidemiologie
In der vergangenen Dekade wurde die 
Adipositas als führende Zivilisations-
krankheit in den industrialisierten Län-
dern im Hinblick auf deren Einfluss auf 
verschiedene Organsysteme untersucht. 
Bemerkenswert ist die wachsende Er-
kenntnis, dass auch in Schwellenländern 
(z. B. Brasilien, Malysia, China, Indien) 
sowohl die Prävalenz als auch die Inzi-
denz für adipositasassoziierte Erkrankun-
gen ansteigt [17]. Dieses Phänomen wird 
auch innerhalb von Gesellschaftssyste-
men beobachtet, die durch extreme Ein-
kommensunterschiede gekennzeichnet 
sind. Beispielhaft ist hier China mit seiner 
wachsenden Ökonomisierung zu nennen 
[2]. In den Städten führt eine Stärkung des 
Mittelstands zu einer Zunahme der Inzi-
denz und Prävalenz der Adipositas schon 
im Kindesalter, wobei dies in den ländli-
chen Gebieten deutlich schwächer ausge-
prägt ist [1, 16].
Epidemiologische Studien belegen 
eindrucksvoll, dass nicht nur Herz-Kreis-
lauf-Erkrankungen oder Stoffwechseler-
krankungen wie Diabetes mellitus Typ 2 
unter dem Einfluss von Übergewicht ste-
hen [5]. Insbesondere ist die Harnblasen-
dysfunktion eine der häufigsten adipo-
sitasassoziierten Komorbiditäten, wobei 
Funktionsstörungen wie eingeschränkte 
Miktionsfähigkeit mit Restharnbildung 
oder Symptome der überaktiven Blase 
(OAB) im Vordergrund stehen. Aus Ko-
hortenstudien wurde initial die Assozia-
tion der Harnblasendysfunktion mit Dia-
betes mellitus Typ 2 vermutet [5]. Jedoch 
hat sich gezeigt, dass schon die Adiposi-
tas per se zahlreiche pathophysiologische 
Konsequenzen für die Harnblase hat [10]. 
Dies konnte auch im Tiermodell nach-
gewiesen werden [8, 21, 22]. Trotz dieser 
epidemiologischen Erkenntnisse sind die 
urologischen Funktionsstörungen als Ko-
morbidität der morbiden Adipositas bis-
lang nur unzureichend untersucht.
Klinische Symptomkomplexe
Die klinischen Kohortenanalysen kristal-
lisierten eine Vielzahl von unterschiedli-
chen Symptomenkomplexen heraus, die 
sich in verschiedenen pathomechanisti-
schen Modellen subsummieren lassen. 
Neben einer erhöhten Inzidenz für chro-
nische HWI [26] und Miktionsstörungen 
(„voiding dysfunction“) im Sinne von De-
trusor-Sphinkter-Dyssynergien, Detru-
sor- oder Sphinkterkontraktionsstörun-
gen werden auch Symptome der OAB be-
obachtet [13]. Dies deutet auf völlig unter-
schiedliche Pathomechanismen hin, wo-
bei bei den verschiedenen Symptomkom-
plexen neurologische oder histologische 
Veränderungen führend sein könnten.
Vorstellbar ist eine patientenspezi-
fische Prädisposition, deren pathophy-
siologische Ausprägung durch Adiposi-
tas forciert wird. Dies bedeutet, dass die 
Manifestation der Symptome vielschich-
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tig ist und interindividuell stark vari-
iert. Die Erforschung der adipositasas-
soziierten Harnblasenfunktionsstörun-
gen stellt daher eine große Herausforde-
rung an die urologische Grundlagenfor-
schung dar. Dies wird insbesondere dann 
deutlich, wenn man die unterschiedlichen 
Ursachen der Adipositas selbst ins Kalkül 
der Harnblasendysfunktion einbezieht. 
So können genetische Prädispositionen 
als auch übermäßiger Konsum von Nah-
rungsmitteln bzw. diätetischer Konsum 
für die Adipositas ursächlich sein. Auch 
der zunehmende Bewegungsmangel in 
vornehmlich industrialisierten Ländern 
wurde als wesentliche Ursache für Über-
gewicht erkannt. Zur Untersuchung der 
Einzelfaktoren sind daher ganz unter-
schiedliche (Tier-)Modelle, differentielle 
humane Kohortenstudien und ein großes 
Methodenspektrum notwendig.
Aus der aktuellen Studienlage lässt sich 
ableiten, dass multiple pathomechanisti-
sche Korrelationen zwischen der Entste-
hung der Adipositas und dem Ausprä-
gungsgrad der Harnblasendysfunktion 
existieren. Eigene Forschungsanstrengun-
gen der letzten Dekade fokussierten auf 
den Einfluss von Hochfettdiät (HFD) auf 
die Harnblasenfunktion und zelluläre Pa-
thomechanismen. Beginnend mit Zellkul-
turuntersuchungen an humanen Harnbla-
senzellen entwickelten wir ein Hochfett-
tiermodell in der Ratte. Dieses Tiermo-
dell erlaubt das Studium der Effekte der 
Hochfettdiät sowie der bariatrisch-chirur-
gischen Intervention auf die Harnblasen-
funktion.
Material und Methoden
Zellkulturen humaner Harnblasenzellen 
wurden mit der gesättigten freien Fettsäu-
re Palmitat und dem gramnegativen En-
dotoxin LPS (Lipopolysaccharid), Inter-
leukin 6 (IL-6) und weiteren Zytokinen 
stimuliert und die zellphysiologischen Ef-
fekte wurden mittels quantitativer Poly-
merasekettenreaktion (qPCR), Western-
Blotting, ELISA („enzyme linked immu-
nosorbent assay“), FRAP („fluorescence 
recovery after photobleaching“) und kon-
fokaler Immunofluoreszenz analysiert [9, 
20].
Ein Rattenmodell für HFD wurde 
in Sprague-Dawley-Ratten (n=15) eta-
bliert. Die Ratten wurden im Alter von 
4 Wochen in drei differenzierte Diätfor-
men randomisiert: Niedrigfettdiät (LFD, 
10%), Normaldiät (ND, 11%), Hochfettdiät 
(HFD, 45% Energie aus Fett). Die diäteti-
sche Intervention erfolgte über einen Zeit-
raum von 11 Wochen. Die Phänotypisie-
rung der Ratten umfasste u. a. Blutfett-
werte, Blutglukose und einen intraperi-
tonealen Glukosetoleranztest. Die Harn-
blasenphysiologie und Histomorphologie 
mit Proteomanalyse, konfokaler Immun-
fluoreszenz und o. a. Methoden unter-
sucht [19, 22]. Zur Bestimmung der Harn-
blasenkontraktilität wurden Ex-vivo-Or-
ganbaduntersuchungen an Harnblasen-
ringen durchgeführt (Föhr Medical Inst-
ruments, Seeheim-Jugenheim, Deutsch-
land). Wir verglichen dabei die konzen-
trationsabhängige Harnblasenkontrak-
tion nach Carbachol-Stimulation (CCh; 
10−10 bis 10−4 mol/l) zwischen den Inter-
ventionsgruppen (ND, LFD, HFD) be-
zogen auf die durch 100 mM KCl ausge-
löste Kontraktion (. Abb. 2a). Die Mess-
werte der CCh-Kontraktion wurden auf 
die mittlere KCl-Antwort der LFD-Ko-
horte normalisiert. Die Quantifizierung 
der muskarinergen M2- und M3-Rezep-





Aus der Adipositasforschung war be-
kannt, dass die freie, gesättigte C16-Fett-
säure Palmitat im Gegensatz zu ungesät-
tigten freien Fettsäuren wie z. B. Linoleat 
(C18:3) in verschiedenen Geweben aku-
te und chronische Entzündungsreaktio-
nen hervorrufen kann [27, 28]. Insbeson-
dere die proinflammatorischen Zytoki-
ne IL-6 und TNFα („tumor necrosis fac-
tor α“) werden in viszeralen und subku-
tanen Fettzellen hochreguliert [14]. Leis-
tungsphysiologische Untersuchungen am 
Skelettmuskel zeigten zudem, dass auch 
der Skelettmuskel das proinflammatori-
sche Zytokin IL-6 unter zellulärem Stress 
exprimieren und im Sinne endokrinolo-
gischer Funktion sekretieren kann [25]. 
Dies führte zu unserer Arbeitshypothese 
der Harnblasenmuskulatur als eine mög-
liche Quelle für Interleukine. Diese Hypo-
these wird durch die klinische Beobach-
tung einer positiven Korrelation von chro-
nischen Entzündungsprozessen der Harn-
blase und dem Grad der Adipositas und 
Typ-2-Diabetes mellitus gestützt [11].
In Zellkulturexperimenten konnten 
wir zeigen, dass die Stimulation der De-
trusormyozyten mit Palmitat zur Induk-
tion von IL-6 und dem makrophagenche-
motaktischen Protein MCP-1 („monocy-
te chemoattractant protein 1“) führt. Inte-
ressanter Weise wird IL-6 von den Detru-
sormyozyten sekretiert und bewirkt eine 
parakrine Autostimulation über JAK/
STAT-Rezeptoren [20]. In weiteren Expe-
rimenten fanden wir eine Hochregulation 
der Zell-Zell-Kommunikation via Cx43-
positiven „gap junctions“ durch IL-6 [9]. 
Diese Ergebnisse stützen die Hypothe-
se der Beteiligung des Zytokinnetzwerks 
an Harnblasenerkrankungen wie z. B. der 
OAB. In einer weiteren Studie fanden wir 
nach Stimulation mit Palmitat massive 
Veränderungen in vitalen Zellfunktionen 
wie der Proliferation, dem Radikalestoff-
wechsel mit Erhöhung der posttranslatio-
nalen Modifikation (Proteincarbonylie-
rung) bis hin zur Steigerung der Apopto-
serate [23]. Die von unserer Arbeitsgrup-
pe beschriebenen Effekte sind unter Pal-
mitat-Stimulation signifikant ausgepräg-
ter als unter Stimulation mit LPS, was auf 
eine spezifische Wirkung von Palmitat 
hinweist [15, 20].
Diese Erkenntnisse führten uns zu der 
Hypothese, dass insbesondere die erhöh-
te Aufnahme von gesättigten Fettsäuren 
in hochindustrialisierten Ländern zu den 
klinisch beobachteten Harnblasenfunk-
tionsstörungen in adipösen Patienten füh-
ren. Basierend auf diesen Erkenntnissen 
entwickelten wir ein HFD-Tiermodell in 
der Ratte, um die Frage nach möglichen 
Veränderungen der Struktur und Funk-
tion der Harnblase unter dem Einfluss 
von Adipositas zu untersuchen.
HFD-Rattenmodell
Histomorphologie und Funktion  
der Harnblase
Wir untersuchten die Auswirkung von 
HFD auf die Harnblasenhistomorpholo-
gie und die molekulare Regulationsme-
chanismen im Sprague-Dawley-Ratten-
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modell. Dabei waren wir auch am Einfluss 
einer bariatrisch-chirurgischen Interven-
tion interessiert, wie sie im klinischen 
Routinesetting als Therapiealternativen 
angeboten werden. Insbesondere stand 
der Einfluss der HFD auf den Phänotyp 
der Adipositas und dessen Auswirkung 
auf die Harnblasendysfunktion im Fokus 
wissenschaftlichen Interesses. Die Vielfalt 
bariatrisch-chirurgischer Therapieop-
tionen erstreckt sich von malrestriktiven 
(Sleeve-Gastrektomie) über malabsorp-
tive Verfahren (Endobarrier) bis hin zu 
Kombinationsverfahren, wie dem Roux-
Y-Gastric-Bypass (RYGB). Wie entschie-
den uns in unseren Studien für die Sleeve- 
Gastrektomie, um Effekte der Malabsorp-
tion weitgehend ausschließen zu können 
[21].
In HFD-Ratten fanden wir eine signi-
fikante Erhöhung der viszeralen und sub-
kutanen Fettmasse und signifikante Stei-
gerung des Lipidstoffwechsels und Ver-
änderungen in der Serumkonzentration 
der freien Fettsäuren (insbesondere Erhö-
hung von Palmitat), der Glukosehomöo-
stase und einen Anstieg inflammatori-
scher Marker [IL-6, C-reaktives Prote-
in (CRP); [21]]. Besonders auffällig war 
die deutliche Fibrosierung der Ratten-
harnblasenwand (. Abb. 1a, b). In par-
allel durchgeführten vorläufigen Unter-
suchungen an humanen Harnblasenbiop-
sien fanden wir vergleichbare adipositas-
assoziierte Veränderungen (. Abb. 1c, d).
Kontraktionstest  
und Rezeptorexpression
In unserem HFD-Modell zeigen die Rat-
ten nach 11 Wochen eine signifikant ver-
minderte Harnblasenkontraktion nach 
KCl-Stimulation (. Abb. 2a, Inset). Die-
se Ergebnisse belegen, dass die Gesamt-
kontraktionsfähigkeit der Harnblase in 
HFD-Ratten noch lediglich bei 50% des 
Kontraktionsvermögens von LFD-Rat-
ten liegt. Die Stimulation mit CCh spie-
gelt die durch muskarinische Rezeptoren 
vermittelte Kontraktion der Harnblase 
auf parasympathische Stimulation wider. 
Wir fanden eine signifikant verminder-
te Kontraktionsfähigkeit in HFD-Ratten 
(. Abb. 2a).
Diese Ergebnisse bestätigen die tier-
experimentellen Untersuchungen von 
Gasbarro et al. [8], die eine verminder-
te Miktionsfähigkeit mit Restharnbil-
dung im Adipositasmodell von Zucker-
Ratten konstatierten. Die CCh-vermittel-
te Kontraktion wird in der normalen Rat-
tenharnblase über den M3-Rezeptor ver-
mittelt, während in der hypertrophier-
ten Harnblase der M2-Rezeptor wesent-
lich zur Kontraktion beiträgt [3]. Wir fan-
den eine signifikante Reduktion der M3-
Rezeptorimmunofluoreszenz im Detru-
sor in ND und HFD verglichen mit LFD 
nach 11-wöchiger diätetischer Interven-
tion (. Abb. 2c). Die Expression des M2-
Rezeptors wird in diesem Zeitraum hin-
gegen noch nicht durch unterschiedliche 
Nahrungsinterventionen beeinflusst. Ers-
te Ergebnisse nach 19 Wochen HFD wei-
sen jedoch auf eine starke Erhöhung der 
M2-Rezeptorexpression in HFD-Ratten 
hin (Daten nicht gezeigt).
Im Gegensatz zum Detrusor fanden 
wir im Urothel keine differentielle Expres-
sion (. Abb. 2c). Eine verminderte Ex-
pression des M3-Rezeptors steht in Ein-
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Hochfettdiät induziert molekulare  
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Zusammenfassung
Hintergrund. Adipositas ist mit seiner Viel-
zahl an Komorbiditäten zur weltweiten Pan-
demie angewachsen. Der vorliegende Bei-
trag behandelt pathophysiologische Aspek-
te der adipositasassoziierten Harnblasendys-
funktionen.
Material und Methoden. Unsere Ergebnis-
se beruhen auf zahlreichen In-vitro- und In-
vivo-Experimenten inklusive eines Hochfett-
diät- (HFD)-Rattenmodells und sind in den 
angegebenen Publikationen detailliert be-
schrieben.
Ergebnisse. In kultivierten humanen De-
trusormyozyten wurden adipositasassozi-
ierte pathophysiologische Mechanismen di-
rekt durch die gesättigte freie Fettsäure Pal-
mitat induziert. Im Rattenmodell bewirkte 
HFD eine starke Fibrosierung der Harnblasen-
wand und eine Herunterregulation des mus-
karinischen M3-Rezeptors, was zu einer ver-
minderten Kontraktilität der Harnblase führ-
te. Die Fibrosierung war nach bariatrisch-chi-
rurgischer Intervention (Sleeve-Gastrekto-
mie) regredient.
Schlussfolgerung. Unsere Ergebnisse unter-
streichen die Bedeutung der Adipositas für 
urologische Funktionsstörungen. Angesichts 
der epidemiologischen Dimension der Adipo-
sitas mit stetig steigenden Fallzahlen ist eine 
Neubewertung dieser pathologischen Kondi-
tion in der Urologie notwendig.
Schlüsselwörter
Adipositas · Harnblasendysfunktion ·  
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High fat diet-induced molecular and physiological dysfunction 
of the urinary bladder
Abstract
Background. Obesity with its multiple co-
morbidities has become a global pandemia. 
We here report on the pathophysiological as-
pects of obesity-associated urinary bladder 
dysfunctions.
Material and methods. Our results are 
based on multiple in vitro and in vivo stud-
ies including a high fat diet (HFD) rat animal 
model of which the details are given in the 
cited publications.
Results. In cultured human detrusor mus-
cle cells, obesity-related pathophysiologi-
cal mechanisms were directly induced by the 
saturated free fatty acid palmitate. In HFD an-
imals, we found serious fibrosis of the blad-
der wall and downregulation of the musca-
rinic M3-receptor leading to diminished con-
tractility of the urinary bladder. Bariatric sur-
gical intervention (sleeve gastrectomy) re-
versed the fibrosis.
Conclusion. Our results support the rele-
vance of obesity for urological bladder dys-
function. The epidemic dimension of obesi-
ty with its steadily growing number of cases 
requires a re-evaluation of this pathological 
condition in the urological context.
Keywords
Obesity · Bladder dysfunction · Proteomics · 
Micturition dysfunction · Urinary bladder  
fibrosis
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klang mit unseren Kontraktionstests, da 
aufgrund der geringeren Expression auch 
mit einer verminderten Kontraktion nach 
CCh-Stimulation gerechnet werden kann. 
Interessanter Weise zeigt sich, dass trotz 
einer Reduktion der M3-Rezeptoren in 
ND die Kontraktionsfähigkeit nach CCh-
Stimulation nicht signifikant vermindert 
war. Dieser Unterschied ist wahrschein-
lich auf die unter HFD beobachtete massi-
ve Fibrosierung der Harnblasenwand zu-
rück zu führen.
Nach bariatrisch-chirurgischer Inter-
vention von HFD-Ratten fanden wir eine 
Reduktion der Fibrose und eine moleku-
lare Gegenregulation durch Metallopro-
teasen (MMP) und deren Interaktion mit 
spezifischen Inhibitoren (TIMP) was auf 
eine Verbesserung der Harnblasenfunk-
tion durch Sleeve-Gastrektomie schlie-
ßen lässt. Die Analyse der Harnblasen-
kontraktion und die Bestimmung des Re-
zeptorprofils stehen derzeit noch aus.
Diskussion
Aus der Literatur ist bekannt, dass Harn-
blasenfunktionsstörungen in der Rat-
te nicht von der Ausprägung eines Typ-
2-Diabetes mellitus abhängig sind, son-
dern durch Adipositas per se verursacht 
werden [8]. Die Arbeitsgruppe um Gas-
barro [8] untersuchte insbesondere die 
Entleerungsfunktion („voiding function“) 
der Harnblase in drei experimentellen 
Tiergruppen. Grundlage der Experimen-
te bildeten diabetische Zucker Ratten, die 
durch eine Mutation im Leptinrezeptor-
gen charakterisiert sind und die Ausprä-
gung eines Typ-2-Diabetes mellitus zei-
gen. In der Studie wurden ND mit LFD 
und HFD verglichen. Interessanter Wei-
se waren die LFD-Tiere signifikant adi-
pöser gegenüber den ND-Tieren, jedoch 
zeigten sie keinen Unterschied im Glu-
Abb. 1 9 Fibrosierung der 
Harnblase: a, b Signifikante 
Detrusorfibrose im HFD-
Rattenmodell (n=5, p<0,05 
Mann-Whitney-Test). c, d 
Beispiel für Fibrosierung in 
einer adipösen Patientin 
(BMI=39) im Vergleich zu 
einer Patientin mit BMI=22 
(BMI „Body Mass Index“, LFD 
Niedrigfettdiät, HFD Hoch-
fettdiät)
1808 | Der Urologe 12 · 2014
Originalien
kosemetabolismus. Dementgegen führte 
die Fütterung mit HFD zu einem signifi-
kanten Anstieg des Serumglukosespiegels 
gegenüber den ND- und LFD-Tieren. In 
der Urodynamik zeigte der Adipositas-
phänotyp eine verminderte Harnblasen-
kontraktion und ein erhöhtes zytometri-
sches Füllvolumen. Beide Gruppen (LFD 
und HFD) hatten ein höheres Miktions-
volumen bei Reduktion der Miktionser-
eignisse und zeigten erhöhte Restharnbil-
dung. Diese Funktionsstörungen waren 
gleichermaßen evident in beiden Adiposi-
tasgruppen, jedoch unabhängig von Grad 
der gestörten Glukosetoleranz [8].
Im klinischen Alltag werden sowohl 
Assoziationen von Adipositas mit Symp-
tomen der Miktionsstörungen („voiding 
dysfunction“), als auch der OAB beob-
achtet [4]. Weiterführend fanden Lee et al. 
[12] in einem Rattenmodell für das meta-
bolische Syndrom eine signifikante Hoch-
regulation des P2X3- und des TRPV1-Re-
zeptors in der Harnblasenmukosa.
Die mit Adipositas assoziierte Fi-
brosierung der Harnblase erklärt schon 
zum großen Teil die auch von Gasbarro 
et al. [8] beobachteten Funktionsstörun-
gen. Diese Prozesse konnten in unserem 
Tiermodell durch Sleeve-Gastrektomie 
teilweise abgefangen werden. Diese Er-
gebnisse sind umso interessanter, als sie 
selbst unter Weiterführung der HFD be-
obachtet wurden [21]. Entsprechende hu-
mane Studien stehen derzeit noch aus und 
sind Gegenstand unserer aktuellen For-
schungsbemühungen.
Zusammenfassung
Unsere Forschungsergebnisse der letz-
ten Jahre belegen sowohl in In-vitro- als 
auch in In-vivo-Experimenten den Ein-
fluss der HFD und deren Komponenten 
wie Palmitat auf die Pathophysiologie der 
adipositasassoziierten Harnblasendys-
funktion (. Abb. 3). Der Einfluss reicht 
von der Beeinträchtigung der Zellvita-
lität und Zell-Zell-Kommunikation bis 
hin zur Erhöhung der akuten und chro-
nischen Entzündungsreaktionen allein 
durch die gesättigte freie Fettsäure Pal-
mitat (. Abb. 3a). In vivo wird dies in 
dem komplexen Ansatz einer HFD wi-
dergespiegelt, wobei als wesentliche Ef-
fekte die Manifestation eine Harnbla-
senfibrosierung gepaart mit Kontrakti-
litätsverlust auftreten (. Abb. 3b). Wir 
fanden zudem Hinweise auf verschiede-
ne additiv involvierte molekulare Dysre-
gulationen wie beispielsweise die Steige-
rung der Hypoxie, Erhöhung des Ubiqui-
tin-Proteasom-Signalweges und Vermin-
derung der endothelialen NO-Synthase-
Regulation [22].
Schlussfolgerung
Die Relevanz der Adipositas für urolo-
gische Funktionsstörungen kann derzeit 
nur unzulänglich abgeschätzt werden. 
Die epidemiologischen Daten unterstüt-
zen jedoch ganz klar die zunehmende Be-
deutung dieses Forschungsschwerpunk-
tes. Im besonderen Fokus wissenschaft-
lichen Interesses muss dabei die Aufde-
ckung des Zusammenhangs zwischen den 
Nahrungsbestandteilen und der adiposi-
tasassoziierten urologischen Funktions-
störungen stehen. Weiterführend müs-
sen die Forschungsanstrengungen den 
Einfluss verschiedener Therapieoptio-
nen auf die Reversibilität der pathophy-
siologischen Zustände aufdecken. Hier-
zu sind Tiermodelle prioritiv geeignet, je-
doch müssen die daraus gewonnenen Er-
kenntnisse in humanen Studien validiert 
werden. Bezogen auf die Nahrungsvaria-
bilität unterliegen demzufolge Studien im 
internationalen Vergleich einer besonde-
ren Herausforderung.
Abb. 2 8 Pathophysiologische Veränderungen in HDF-Ratten: a Organbad-Kontraktionstest; im Vergleich zu LFD signifikant 
verminderte KCl-Kontraktionsantwort in HFD-Ratten; b Lichtmikroskopische (DAB) und quantitative konfokale Immunfluo-
reszenzanalyse (IF) der M2- und M3-Rezeptorexpression; glattmuskuläres α-Aktin (grün), Rezeptoren (rot), Kerne (blau), 
orange Färbung durch Überlagerung der Fluoreszenzen; c signifikante Reduktion der M3-Rezeptorexpression in ND und HFD-
Ratten nach 11 Wochen diätetischer Intervention (LFD Niedrigfettdiät, ND Normaldiät, HFD Hochfettdiät, Wo Woche; p<0,05 
Kruskal-Wallis- und Dunns Post-hoc-Test)
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Fazit für die Praxis
Aus den von uns aufgedeckten komple-
xen Mechanismen ergibt sich die Not-
wendigkeit, die nahrungsbedingte Adi-
positas als wesentliche Einflussgröße auf 
urologische Symptomkomplexe in den 
aktuellen Wissenstand einzuordnen. Da-
raus folgt, dass in bestimmten Berei-
chen Therapiekonzepte überdacht wer-
den sollten, wie z. B. die medikamentö-
se Therapie bei LUTS („lower urinary tract 
symp toms“).
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5.1.2 Globale Proteom-Analyse der Harnblase: Einfluss von Hochfettdiät-
induzierter Adipositas auf die Proteinexpression der Harnblase im 
Rattenmodell 
Die Ergebnisse wurden nachfolgend veröffentlicht(Originalarbeit Seite 40-51): 
Oberbach A, Jehmlich N, Schlichting N, Heinrich M, Lehmann S, Wirth H, Till H, 
Stolzenburg JU, Völker U, Adams V, Neuhaus J.  
Molecular fingerprint of high fat diet induced urinary bladder metabolic dysfunction in 
a rat model.  
PLoS One. 2013 Jun 24; 8(6): e66636. 
 
Einleitung und wissenschaftlicher Hintergrund: In epidemiologischen Studien und 
tierexperimentellen Untersuchungen des Phänotyps Adipositas zeigen sich Symptome 
der hyperaktiven Harnblase (OAB) sowie Zeichen der Miktionsstörung (Voiding 
dysfunction). Die molekularen Hintergründe werden bis zum heutigen Tag nur 
unzureichend verstanden. In der vorliegenden Untersuchung wurde im HFD-induzierten 
Rattenmodell unter Anwendung eines Shotgun-Proteome-Ansatzes die Harnblase 
molekularbiologisch charakterisiert. Die besondere Herausforderung dieser Studie lag in 
der Analyse der komplex aufgebauten Harnblasenwand mit strukturell 
unterschiedlichen Synzytien. Vorrangig wurde die Regulation der Proteine im Muskulus 
Detrusor vesicae untersucht. Um die Diskriminierung der Detrusormyozyten und dessen 
Proteom zu gewährleisten, wurden initial die Myozyten aus dem Gewebeverband 
isoliert und im Sinne einer Primärzellkultur kultiviert. Es folgte eine labelfreie Botton-
Up-Proteomik-Analyse des Zellkulturansatzes zur Identifikation des 
Primärzellkulturproteoms. In der nachfolgenden statistischen Berechnung der Proteom-
Untersuchung des Harnblasengewebelysates wurden hauptsächlich die Proteine 
berücksichtigt, die sowohl im Detrusormyozyten als auch im Gewebelysat der 
Harnblase exprimiert wurden. In weiterführenden Untersuchungen mittels 
Immunhistochemie konnten die relevanten Proteine und dessen Gewebelokalisation 
validiert werden.  
Ziel: Im HFD-Rattenmodell wurden molekulare Mechanismen der 
Harnblasendysfunktion mittels Shotgun-Proteome-Analyse unter Anwendung einer 
nanoLC-MS/MS aufgedeckt. Diese Erkenntnisse erlauben insbesondere Ansatzpunkte 





Methoden: Im tierexperimentellen Teil wurden insgesamt 26 Sprague-Dawley-Ratten 
entweder mit HFD oder ND über einen Zeitraum von 11 Wochen, beginnend im Alter 
von 4 Wochen, gefüttert. Die Untersuchung des molekularen Fingerabdrucks der 
Harnblase erfolgte durch eine labelfreie Shotgun-Proteome-Analyse unter Anwendung 
einer LTQ Orbitrap Velos MS (Thermo Scientific). Die Resultate wurden mittels 
ELISA, Western-Blot-Untersuchungen und Immunhistochemieanalysen validiert.  
Ergebnisse: Die Proteom-Analyse der primären Zellkultur der Detrusormyozyten 
identifizierte 437 Proteine. Die Untersuchung des Gewebelysates der Harnblase 
erkannte 383 Proteine in beiden tierexperimentellen Gruppen. Insgesamt wurden 354 
Proteine sowohl in der Proteom-Analyse der Muskelzellen als auch im Gewebe der 
HFD-Ratten und der CD-Ratten exprimiert und im Nachgang einer dezidierten 
„Ingenuity Pathway Analysis“ (IPA) zugeführt. Die Canonical Signalweganalyse der 
Harnblasenproteine ergab differenzielle Regelmechanismen im HFD-Rattenmodell in 
der Protein-Ubiquitinylierung, der Acute-Phase-Reaction, der mitochondrialen Funktion 
sowie des Stickstoffmonoxidstoffwechsels.  
Schlussfolgerungen: Die differenzielle Proteom-Analyse der Detrusormyozyten und 
des Harnblasengewebelysates sind ein probater Forschungsansatz, um das Proteom 
komplexer Gewebe zu untersuchen. Es zeigt sich jedoch die Notwendigkeit der 
zweizeitigen Validierung zur Darstellung der Lokalisation identifizierter Proteine. In 
der vorliegenden Untersuchung belegen die Ergebnisse, dass das Proteom der Harnblase 
sich unter HFD-Intervention signifikant von einer CD-Intervention unterscheidet. 
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Abstract
Aims/hypothesis: Diabetic voiding dysfunction has been reported in epidemiological dimension of individuals with
diabetes mellitus. Animal models might provide new insights into the molecular mechanisms of this dysfunction to facilitate
early diagnosis and to identify new drug targets for therapeutic interventions.
Methods: Thirty male Sprague-Dawley rats received either chow or high-fat diet for eleven weeks. Proteomic alterations
were comparatively monitored in both groups to discover a molecular fingerprinting of the urinary bladder remodelling/
dysfunction. Results were validated by ELISA, Western blotting and immunohistology.
Results: In the proteome analysis 383 proteins were identified and canonical pathway analysis revealed a significant up-
regulation of acute phase reaction, hypoxia, glycolysis, b-oxidation, and proteins related to mitochondrial dysfunction in
high-fat diet rats. In contrast, calcium signalling, cytoskeletal proteins, calpain, 14-3-3g and eNOS signalling were down-
regulated in this group. Interestingly, we found increased ubiquitin proteasome activity in the high-fat diet group that
might explain the significant down-regulation of eNOS, 14-3-3g and calpain.
Conclusions/interpretation: Thus, high-fat diet is sufficient to induce significant remodelling of the urinary bladder and
alterations of the molecular fingerprint. Our findings give new insights into obesity related bladder dysfunction and
identified proteins that may indicate novel pathophysiological mechanisms and therefore constitute new drug targets.
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Introduction
Metabolic syndrome and diabetes mellitus are common in
highly industrialized countries with Western lifestyles [1]. Inter-
estingly, voiding dysfunction is reported in 80% of individuals with
type 2 diabetes [2]. Type 2 diabetes is a well-known comorbidity of
obesity and several studies support the relation between voiding
dysfunction and diabetes [3–5]. A number of debilitating
urological symptoms attend obesity and/or diabetes related
bladder dysfunction including impaired bladder sensation, im-
paired detrusor contractility, and increased bladder capacity
leading to significant distress, limitations in daily functioning,
and poor quality of life [6–10]. Recent literature showed that the
classic symptoms of hesitancy (62%), reduced stream (52%), and
incomplete emptying (45%) were prevalent. The symptoms of
nocturia (87%) and urinary frequency (78%) were the most
common in diabetic patients [11]. The diabetic bladder dysfunc-
tion is thought to be a stepwise process with storage problems and
an overactive bladder in the early phase, which gradually turns
into an atonic bladder with voiding problems in the late phase
[12].
Those pathological bladder conditions represent distinct clinical
entities, implying distinct pathomechanisms. Obesity itself is a very
complex phenotype and might involve a wide spectrum of
metabolic changes, such as disturbed glucose homeostasis, chronic
inflammation, and disturbed lipid metabolism [13]. In our
previous studies we focused on cell culture experiments to examine
the impact of lipid metabolism on bladder cells [14,15]. In
response to elevated palmitate we found significant alterations of
cell vitality and increased expression of inflammatory proteins,
such as MCP-1 [15]. Interestingly, MCP-1 is not solely a potent
chemoattractant of macrophages supporting tissue inflammation
but was also described as a major regulatory protein leading to
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insulin resistance [16]. Those results demonstrated direct link
between fatty acid metabolism and bladder cell dysfunction
in vitro. Therefore, in the present study we examined the effect
of high fat diet on bladder metabolism in vivo. To reflect our
previous in vitro findings we chose a HFD induced rat model with
especially high palmitate (C16:0) concentration of 11.4 fold
compared to chow diet. We primarily focused on metabolic
alterations in the bladder tissue of obesity rat model. Moreover,
the pathophysiology of obesity related bladder dysfunctions is
multifactorial, including neuronal, urothelial, and detrusor smooth
muscle alterations [7]. Therefore, general alterations in metabolic
conditions may be a key event in the induction of bladder
dysfunction.
Urinary bladder dysfunction has been studied in rats with
metabolic syndrome previously [17–19]. Interestingly, obesity but
not diabetes alone impaired voiding function in female rats.
Voiding dysfunction such as voiding frequency, residual volume
and contraction pressure were significantly influenced by obesity
phenotype independently of glucose homeostasis in this rat model
[4]. It is still unclear which metabolic alterations related to diet
induced obesity are responsible for these pathophysiological
conditions. A 2D-DIGE study of streptozotocin (STZ)-induced
proteome alterations in diabetic rats revealed that the develop-
ment of diabetes related complications involves down-regulation of
structural and extracellular matrix proteins in bladder smooth
muscle which are essential for normal muscle contraction and
relaxation. Proteins associated with cell proliferation and inflam-
mation were influenced which may account for some of the
functional known deficits that occur in diabetic complications of
bladder [20]. Even if the investigation of the initiation, develop-
ment and progression of the bladder dysfunction in a high fat diet
(HFD) induced obese animal model has started [21] our
understanding of the underlying molecular mechanism is still
incomplete.
Thus, we applied a label-free quantitation as an unbiased
strategy to identify pathways involved in urinary bladder
metabolism in a HFD rat model. Based on the Ingenuity pathway
analysis (IPA) we developed a hypothetical model of the
pathomechnism of bladder dysfunction. To support our hypothesis
we analysed key proteins of the identified pathways in separate
validation cohorts by independent analyses of protein abundance,
activity and tissue localization. To date specific therapeutic
strategies for obesity related bladder dysfunctions are rare. The




All animal procedures were approved by the ‘‘Landesdirektion’’
Leipzig (TVV 32/11) and were carried out in strict accordance
with the recommendations of the German ‘‘Tierschutzgesetz’’
(TierSchG). We randomized 30 male four weeks old Sprague-
Dawley (MEZ, Medical Experimental Center, University of
Leipzig, Leipzig, Germany) rats into two groups: chow diet (CD,
energy from fat 11%, carbohydrate 66%, protein 23%; ssniff-
Spezialdiaeten GmbH; Soest, Germany) or high fat diet (HFD,
energy from fat 45%, carbohydrate 35%, protein 20%) for 11
weeks (diet composition reported in Table S4). Animals were kept
on a 12:12 h light–darkness cycle. Weight gain and food intake
were monitored twice a week. Before euthanization, individual
urine samples were collected in a metabolic cage over 24 hrs.
Metabolic profiles of those animals were recorded on the day of
euthanization.
Histology, Immunostaining and Analysis
Bladder tissue was fixed in 4% formalin over night and
subsequently embedded in paraffin. Bladder histology was
evaluated in sections stained according to Crossmon [22]. Grade
of fibrosis was assessed by van Gieson’s staining [22]. DAB-
immunolabelling of eNOS, calpain 2 and HIF1-a was performed
using adequate specific primary antibodies (Table S1).
Cell Culture
Primary cell cultures were set up from small muscle layer
fragments of the bladder dome after removing the urothelium with
a cotton swab according to Barendrecht et al. [23]. Cells were
grown in RPMI 1640 medium containing 10% FCS and
16Penicillin-Streptomycin (Gibco, Life Technologies, NY, USA)
in a humidified atmosphere containing 5% CO2 at 37uC. At 80 to
90% confluence cells were harvested with UT-buffer containing
8 M urea, 2 M thiourea and sonicated. The homogenates were
centrifuged at 14.000 g for 10 min and the supernatant was
collected. Protein concentration was determined using a Bradford
assay with bovine serum albumin as standard protein (Pierce,
Thermo Scientific).
Tissue Destruction, Proteolytic Digestion and nano LC-
MS/MS Analysis
Bladder tissues were snap frozen in liquid nitrogen and
powdered using a Mikro Dismembrator (Braun, Melsungen,
Germany) at 2600 rpm for 2 min with 150 mL UT. The tissue
powder was reconstituted in 1.3–2.7 mL of UT and sonicated on
ice three times for 3–5 s each with nine cycles at 80% energy using
a Sonoplus (Bandelin, Berlin, Germany). The homogenates were
centrifuged at 16,200 g for 1 h at room temperature. The
supernatant was collected and the protein concentration was
determined using the Bradford assay. The protein lysates of the rat
bladders were analysed by shotgun LC-MS/MS as described
earlier [24]. Proteolytically cleaved peptides (400 ng) were
separated prior to mass spectrometric analyses by reverse phase
nano HPLC on a 15 cm Acclaim PepMap100-column (C18,
3 mm, 100 Å) using an EASY-nLC Proxeon system (Thermo
Scientific, Waltham, MA) at a constant flow rate of 300 nL/min.
Separation was achieved using a non-linear gradient of 86 min
with 0.1% acetic acid, 2% acetonitrile in water (solvent A) and
0.1% acetic acid in 100% acetonitrile (solvent B). Separated
peptides were monitored using an LTQ Orbitrap Velos MS
(Thermo Scientific). Raw data from the LTQ Orbitrap Velos
instrument was processed using the Refiner MS 7.5 and Analyst
7.5 module (Genedata, Basel, Switzerland). Generated peak lists
were searched against a rat’s FASTA-formatted database
containing 7,928 unique entries (rattus_uniprot_swis-
sprot_2012_10.fasta) using an in-house Mascot server 2.3.2
(Matrix Science, London, GB). Database searches were performed
with carbamidomethyl (C) as fixed modification and oxidation (M)
as variable modification. Enzyme specificity was selected to trypsin
with up to two missed cleavages allowed using 10 ppm peptide ion
tolerance and 20 mmu MS/MS tolerance. Only ranked one
peptide hits and a Mascot ion score .23 were considered as
identified. After peak annotation, the data were further processed
in Analyst 7.5, where statistical data evaluation was performed.
Dot Blotting, Western Blotting, ELISA and Activity Assays
To quantify abundance and activity of proteins of interest we
used Dot- and Western blotting and performed ELISA and
activity assays (Table S1, Table S2) on HFD (n = 10) and CD
(n = 10) rats. Tissue was homogenized with Ultra Turrax (VWR
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International, Darmstadt, Germany), sonicated on ice three times
for 3–5 s each with nine cycles at 80% energy using a Sonoplus
(Bandelin, Berlin, Germany). The homogenates were centrifuged
at 14,000 g for 10 min and protein concentration was determined
(Bradford assay).
Protein carbonylation in bladder tissue homogenate was
quantified using 2,4-Dinitrophenylhydrazin (DNPH) derivatisation
and Dot-blot [25] indirect immunofluorescence detection and
quantification with an Odyssey Infrared Imager (Li-Cor Biosci-
ences). Total protein was visualized by SYPRO Ruby blot stain
(BioRad, Munich, Germany). 14-3-3g, eNOS and phosphorylated
eNOS (Ser 1177) were validated by Western blotting (Table S1).
To quantify 14-3-3g, eNOS and phosphorylated eNOS the blots
were analysed by densitometry (1-D analysis software package,
Scanalytics, Billerica, Massachusetts). For activity assays and
ELISAs used refer to Table S2.
Immunohistochemistry
Paraffin bladder tissue slices were incubated overnight at 4uC
with primary antibodies (Table S1). Indirect labelling was
performed using DAB after incubation with adequate secondary
antibodies conjugated with horseradish peroxidase for 1 hour at
room temperature.
Semi-quantitative Confocal Immunofluorescence of
eNOS and HIF1-alpha
Paraffin bladder tissue slices were incubated overnight at 4uC
with primary antibodies (Table S1). Indirect immunofluorescence
was performed with adequate fluorescence labelled secondary
antibodies. Cell nuclei were stained with TOPRO (Molecular
Probes, Life Technologies GmbH, Darmstadt, Germany). The
tissues were analysed at a Zeiss LSM-5 Pascal confocal laser
scanning microscope. Multitrack scanning avoided ‘bleeding
through’ of the fluorescence in double-labelling experiments. To
ensure comparability of fluorescence signal intensity between the
samples, we calibrated the detection system on control stains with
no primary antibody.
Confocal images of immunolabeled urothelium and detrusor
muscle were analysed with ImageJ [26] using self written macros.
Statistical Analysis
Data analysis was performed using Prism v5.0 (GraphPad
Software, La Jolla, USA). Statistical differences were calculated by
ANOVA or independent Student t-test. A P-value #0.05 was
considered statistically significant. Identified proteins were func-
tionally assigned to gene ontology categories and for canonical
pathway analysis using Ingenuity Pathway Analysis software (IPA,
Ingenuity Systems [27]). The data are shown as mean 6 SD. The
dots represent the single values. Significant differences between the
dietary groups are indicated by bars (p,0.05).
Results
Phenotype Characteristics of Dietary Groups
Complete phenotypic characteristics of both dietary groups
exhibited differences in most relevant parameters including fat
masses, homeostatic model assessment-insulin-resistance (HOMA-
IR), and plasma IL-6 and UA levels (Table 1). HFD feeding
resulted in a significant decrease of voided volume (VV) collected
over 24 h in metabolic cages, while creatinine clearance (CrC)
remained unchanged (Table 1). The daily and weekly water intake
did not differ between both groups (Figure S1A). The free fatty
acid profile was significantly different in both groups (Table S1)
and a significant negative correlation between 24 h voiding
volume to plasma palmitate level was evident (Figure S1B).
Bladders from HFD animals showed marked structural changes,
e.g. fibrosis in detrusor and lamina propria as revealed by van
Gieson staining (Figure 1A–G).
Table 1. Clinical characteristics of the study population phenotype.
mean (SD) Discovery set Validation set
CD n = 5 HFD n = 5 p- value* CD n = 10 HFD n = 10 p-value*
body weight [g] 418660 519664 ,0.03 430626 533624 ,0.001
visceral body fat [g] 8.664.1 1365.6 ns 663.4 11.763.5 ,0.002
subcutaneous body fat [g] 5.562.3 8.664 ns 5.364 9.663.2 ,0.016
fasting glucose [mmol/L] 4.560.5 5.760.7 ,0.013 5.560.6 6.360.9 ,0.031
fasting insulin [ng/ml] 1.260.11 2.460.94 ,0.021 1.2560.14 2.0860.78 ,0.004
HOMA-IR 1.260.2 361.4 ,0.018 1.560.3 2.961.4 ,0.005
creatinine clearence [ml/min] 1.0260.32 1.1660.26 ns 0.9960.19 1.0660.35 ns
24 h urin volume [ml] 9.262.8 4.860.4 ,0.01 10.563.5 6.461.8 ,0.004
uric acid [mmol/L] 74621.1 123.4614 ,0.002 83.8627.5 119.7642 ,0.036
interleukine 6 [pg/ml] 238619 269618 ,0.01 223640 269632 ,0.032
c-reactive protein [mg/ml] 324669 418658 ,0.05 378663 522630 ,0.001
triglyceride [mmol/L] 0.8360.55 1.7660.59 ,0.033 0.6960.49 1.360.75 ,0.045
total-cholesterol [mmol/L] 2.4460.82 4.7261.66 ,0.025 2.7961.03 3.8860.86 ,0.045
HDL-cholesterol [mmol/L] 1.2460.47 1.3660.39 ns 0.9760.25 1.2960.44 ns
LDL-cholesterol [mmol/L] 1.4261.13 2.5461.29 ns 1.4160.83 260.51 ns
Clinical characteristics of the dietary groups after 15 weeks. Values are means 6 SD for discovery set and validation set; CD - chow diet; HFD - high fat diet; HOMA-IR -
homeostatic model assessment of insulin resistance. The HOMA-IR was calculated by multiplying fasting plasma glucose (mg/dl) by fasting plasma insulin (2 U/ml)
divided by 2,430 according to the method described by Cacho et al. [52]. LDL-cholesterol was calculated by Friedewald’s formula: LDL = TC - HDL - TG/2.2 (mmol/L) [53].
Urinary uric acid was measured by high-performance liquid chromatography. Assays used are listed in supplemental Table S2.
doi:10.1371/journal.pone.0066636.t001
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Urinary Bladder Proteome Analysis
Comparative proteomic profiling of the HFD induced protein
changes in rat urinary bladder was performed applying a label free
shotgun proteome approach (Figure 1H–L). We identified 383
proteins in the urinary bladder tissue of 5 CD and 5 HFD rats. 354
(111+243) of these proteins were expressed in all animals and were
included in quantitative analysis (Figure 1H). 18 proteins were
significantly regulated (t-Test, P#0.05; Volcano plot in Figure 1I)
including calpain-2, 14-3-3g, and peroxiredoxin-1 (Table 2).
Figure 1. Proteomic analysis of the rat urinary bladder and urinary smooth muscle cell culture. Images show morphology and position
of the bladder in the pelvis (A; 1– urinary bladder; 2– prostate). Crossmon staining reveals the complex architecture of bladder wall (B; 3 - blood
vessel; 4– the urothelium; 5– suburothelial layer; 6– bladder lumen, 7– detrusor tissue) including detrusor muscle of CD-rats (7; D). In HFD Crosmon
staining show accumulation of extracellular matrix (C, arrow). (E) Cultured detrusor myocytes from rat bladder tissue express alpha-smooth muscle
cell actin (green). Nuclei are stained with DAPI. Inset represents negative stain control. (F–G) Van Gieson stain revealed collagen infiltration and
fibrosis in HFD (G, arrow) compared to CD (F). (G–K) Partial least square (PLS) analysis: Proteome of CD and HFD-bladder and detrusor myocytes
culture were studied by LC-MS/MS. (G) Venn diagram display distribution of regulated proteins obtained from the comparison of LC-MS/MS. (H–L)
PLS was used to classify diet induced alteration of cellular protein expression profiles. (I) Volcano plot displayed significant altered proteins in HFD
(n = 18). The dietary groups show clear separation of their protein profile based on 354 proteins identified in bladder tissue (J) as well based on 243
proteins specific for detrusor muscle cells (K) and based on 111 proteins related to other tissue than detrusor (L).
doi:10.1371/journal.pone.0066636.g001
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Partial least square (PLS) analysis separated CD and HFD groups
(Figure 1J).
Proteome Analysis of Cultured Rat Detrusor Cells
In pilot studies we explored the possibility of separate proteomic
analysis of urothelium and detrusor smooth muscle from native rat
bladder. However, the amount of cells recovered from scraping off
the urothelium was too small to be used for valid and reproducible
proteomic experiments. Since these two cell types are the major
components of the bladder and are responsible for different
physiological functions, we established cell cultures of isolated
bladder smooth muscle cells of CD rats and performed a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) pro-
teome approach. In total we identified 697 proteins of which 243
proteins were also identified in CD and HFD rat urinary bladder
tissue (Figure 1H). 243 proteins of the 383 proteins that were
found in bladder tissue are prototypic for bladder smooth muscle
cells. Alterations in the expression to those proteins may reflect
significant functional changes. PLS analysis of these 243 proteins
in rat bladder tissue revealed a clear separation of CD and HFD
animals (Figure 1K). The remaining 111 proteins monitored in the
proteome analysis of bladder tissues (Figure 1H) likely represent
other tissue components, such as urothelium and extracellular
matrix. Variance in those 111 proteins also separated CD and
HFD animals in a PLS analysis (Figure 1L).
Functional Pathway Analysis
Enrichment analysis of proteomic data (n = 354) was performed
by Ingenuity Pathway Analysis (IPA). Each enriched category is
assigned an adjusted p-value (Fisher’s exact test) and displays the
most significant canonical pathways across the entire dataset by
searching from several public resources (Figure 2A; Figure S2).
Based on the proteomic data and literature reports we designed a
hypothetical working model for the potential involvement of the
regulated pathways in bladder dysfunction (Figure 2B). It is
important to validate such pathways by well-defined signalling key
targets, because IPA only depicts hypothetical signalling.
Targeted Protein Analysis in an Independent Validation
Study Population
The proteomic screening revealed an up-regulation of glycolytic
and lipid metabolism (Table 1; Table S3) induced by HFD and
marked changes in the proteomic pattern of the urinary bladder
(Figure 1; Figure S2). Up-regulation of acute phase response
signalling was confirmed in serum by increased levels of IL6 and
CRP (Table 1) and by histological findings of severe fibrosis
(Figure 1F–G). Since IPA only indicates involvement of distinct
pathways we validated interesting major pathways in additional
animals (10 CD and 10 HFD rats). We expected an induction of
ROS via acute phase response and mitochondrial dysfunction
(Figure 2B) and in support of this thesis we found higher levels of
carbonylated proteins in the HFD compared to CD (Figure 3A)
and demonstrated localization of carbonylated proteins in both,
urothelium and detrusor without any obvious preference
(Figure 3B).
Ubiquitin Proteasome Pathway (UPS)
One important regulated pathway in HFD rat urinary bladder
based on canonical pathway analysis was UPS (Figure 2A; Figure
S2). In support we found reduced levels of polyubiquitinated
proteins (Figure 3C) and an increase of 20S proteasome activity
(Figure 3D) in HFD. However, total free ubiquitin was not affected
(Figure 3E).
Hypoxia
IPA revealed proteins involved in hypoxia signalling (Figure 2A).
The key-protein regulated under hypoxic conditions is HIF-1a
and we found higher levels of HIF-1a and increased HIF-1a
activity in HFD compared to CD (Figure 4A–B). Immunohisto-
chemistry revealed preferential localization of HIF-1a in the
urothelium (Figure 4C). Semiquantitative analysis of confocal
Figure 2. Canonical pathway analysis of identified rat bladder proteins. (A) Based on 354 proteins of rat bladder wall tissue, the canonical
pathway analysis revealed dysregulation of pathways regulating metabolic, inflammatory, structural processes as well as cellular signalling in HFD
compared to CD. (B) Hypothetic pathomechanism of bladder dysfunction.
doi:10.1371/journal.pone.0066636.g002
Molecular Fingerprint of Obese Rat Bladder
PLOS ONE | www.plosone.org 6 June 2013 | Volume 8 | Issue 6 | e66636
immunofluorescence showed higher HIF-1a abundance in
urothelium of both, CD and HFD. Interestingly HIF-1a
abundance was significantly higher in the urothelium of HFD
(Figure 4D).
Endothelial Nitric Oxide Synthase (eNOS)
Involvement of the eNOS signalling pathway was confirmed by
determining reduced levels of total eNOS (Figure 5A) and
phosphorylated (activated) eNOS (Ser-1177; Figure 5B) in HFD
vs. CD. The ratio of phosphorylated eNOS/total eNOS was not
significantly altered. Confocal immunofluorescence analysis
showed equal distribution of eNOS in urothelium and detrusor
of CD, whereas eNOS level was increased in urothelium but
decreased in detrusor of HFD (Figure 5C–D).
14-3-3 Signalling
The polypotent 14-3-3-mediated signalling pathway was statis-
tically relevantly regulated in IPA comparing CD and HFD
(Figure 2A). Additionally, the comparison via Student t-Test of
CD and HFD proteome revealed significant down-regulation of
Figure 3. Validation of protein carbonylation and proteasome-ubiquitin pathway. Analysis of protein carbonylation using DNPH-staining
on Dot-blot revealed increased abundance of carbonylated proteins in HFD rats (A). (B) DAB staining revealed carbonylated proteins in both, the
urothelium (1) and detrusor (2); star indicates cutting artifacts. Imabe below represents negative control without primary antibody). (C) Analysis of
protein degradation demonstrated by ubiquitination revealed significant decrease of polyubiquitinated proteins in HFD. Proteasome activity was
significantly increased (D) while the ubiquitin amount was not altered (E). Data are shown as mean 6 SD. The dots represent the single values.
Statistical evaluation by independent Student t-test, p,0.05 was considered as statistical significant.
doi:10.1371/journal.pone.0066636.g003
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14-3-3g in HFD (Table 2). Consequently, we confirmed these
findings by Western blot analysis (Figure 6A). Immunohistochem-
istry showed equal distribution of 14-3-3g in urothelium and
detrusor (Figure 6B).
Calcium Signalling
IPA revealed differences in calcium signalling in both groups
(Figure 2A) and Student̀s t-Test showed reduced levels of calcium-
dependent, non-lysosomal cysteine protease (calpain-2; Table 2).
We confirmed the reduced calpain-1/2 abundance and activity in
HFD vs. CD (Figure 6C–D). Immunohistochemistry showed equal
staining intensity of Calpain-2 in urothelium and detrusor
(Figure 6E).
Discussion
Several important messages emerge from our present study: i)
the proteome pattern of urinary bladder significantly changes
under HFD conditions; ii) several major pathways known to be
involved in bladder function are regulated; iii) differential
expression of several key proteins of those pathways in urothelium
and detrusor indicate differential susceptibility of those cell types to
changes in lipid metabolism.
It is well known, that obesity is strongly related to bladder
dysfunction [12] and Gasbarro et al. recently provided evidence
that obesity without disturbed glucose metabolism alters bladder
function by reducing urodynamic pressure and volume in rats [4].
However, except for one proteomic study on streptozotocin-
induced (STZ) diabetes mellitus rats no data are available about
HFD induced changes of urinary bladder metabolism [20].
To gain a deeper insight into the pathophysiology of obesity-
related bladder dysfunction we designed a rat HFD obesity model,
allowing control of diet and environmental conditions, and
analysed changes in the proteome of the whole bladder by
shotgun proteomic approach and validated our hypothetical
pathophysiological pathway model by measuring the levels of
key proteins in separate animal cohorts. Histological evaluation
was undertaken to pinpoint those changes to distinct cell types of
the rat urinary bladder, i.e. urothelium and detrusor smooth
muscle cells. Interestingly, proteome analysis using IPA showed
that glycolysis was the most prominent up-regulated pathway in
urinary bladder of HFD and disturbance of glucose tolerance was
detected in plasma by intraperitoneal glucose tolerance test. In
addition we found an increase of free fatty acid (FFA) profile,
especially of saturated FFA palmitate, which is known to induce
release of the acute phase response related protein (IL-6) in
Figure 4. Validation of HIF-1a abundance and activity. HIF-1a, the indicator for Hypoxia, showed increased abundance (A) and activity (B) in
HFD rats measured by ELISA. (C) DAB staining revealed HIF-1a in both, the urothelium und detrusor showing strong membrane labelling. HIF-1a
abundance (red) was quantified by confocal immunofluorescence of urothelium and detrusor; nuclei are stained with DAPI (blue); detrusor express
alpha actin (green); nc – negative control. (D) Analysis of confocal immunofluorescence showed higher HIF-1a expression in the urothelium (uroth)
compared to detrusor (det), (n = 105 ROIs each column). Data are shown as mean 6 SD. The dots represent the single values. Statistical evaluation by
independent Student t-test, p,0.05 was considered as statistical significant.
doi:10.1371/journal.pone.0066636.g004
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cultured human bladder smooth muscle cells [15]. Furthermore,
palmitate can also alter mitochondrial function as we showed
recently [14]. Intriguingly, those three pathways: glycolysis, fatty
acid b-oxidation, and mitochondrial dysfunction were detected to
be altered in HFD by proteome analysis. Up-regulation of those
pathways is well-known to induce ROS [28,29]. ROS are able to
modify protein function by carbonylation. We identified significant
increase of carbonylated proteins in HFD urinary bladder
providing a link to cytoskeletal signalling, which was one major
significantly altered pathway in IPA [30].
Acute Phase Response Signalling
Acute phase response signalling is the most prominent regulated
pathway by IPA in HFD urinary bladder. Serum parameters of
acute phase reaction such as IL-6 and CRP significantly increased.
We found up-regulation of glycolysis and lipid metabolism and up-
regulation of acute phase response signalling including increased
levels of IL6, demonstrating that those mechanisms are relevant in
HFD induced bladder pathophysiology. Recent studies showed
that acute phase mediators, such as interleukins were expressed in
urinary bladder tissue and may cause bladder wall irritation such
as fibrosis [31]. In the present study, histological staining of
bladder wall tissue confirmed morphological alterations such as
fibrosis and increased collagen in HFD rats. Thus, structural
changes based on inflammation and lower efficiency of anti-
inflammatory processes might contribute to urgency, frequency
and increased resting volume, typically seen in obesity related
urinary bladder dysfunction [4]. Local inflammation has been
proposed to be closely related to hypoxia in obese phenotype [32].
Hypoxia
IPA revealed down-regulation of proteins such as HS90A/B
and ENPL, involved in hypoxia signalling in HFD rats. Especially
HSPs are known to be linked to hypoxia signalling, by HIF-1a-
dependent increase of HSPs as a functional impact to maximize
production of protective HSPs. In addition it has been shown that
insulin resistance in adipocytes is dependent on HIF-1a transcrip-
tion factor expression [33]. HIF-1a is under control of two classes
of oxygen-dependent enzymes, which by hydroxylation induce
ubiquitination of HIF-1a and lead to HIF-1a degradation. The
reactive oxygen species H2O2 inhibits activity of those regulatory
enzymes and thus triggers increase of HIF-1a under hypoxic
Figure 5. Validation of eNOS abundance and phosphorylation. Western Blot analysis of eNOS showed decreased abundance of eNOS (A) and
phospho eNOS 1177 (B) in HFD rats. (C) DAB staining revealed eNOS in both, the urothelium and detrusor. ENOS abundance (red) was quantified by
confocal immunofluorescence of urothelium and detrusor (insets are 36 magnification from same image; nuclei are stained with DAPI (blue);
detrusor express alpha actin (green); nc – negative control); star indicates cutting artifacts. (D) Analysis of confocal immunofluorescence showed
higher eNOS expression in the urothelium (uroth) of HFD rats compared to their detrusor (det) while eNOS expression in CD rats did not differ
between the urothelium and detrusor (n = 105 ROIs each column). Data are shown as mean 6 SD. The dots represent the single values. Statistical
evaluation by independent Student t-test, p,0.05 was considered as statistical significant.
doi:10.1371/journal.pone.0066636.g005
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conditions [34]. We found increased abundance and activity of
HIF-1a in HFD bladder tissue and differential expression and
regulation of HIF-1a in urothelium and detrusor. Our findings
indicate that urothelium is especially vulnerable to hypoxia
induced by HFD. This novel finding is especially intriguing for a
hypothetical pathomechanism leading to bladder dysfunction. Our
notion is strongly supported by a recent study demonstrating
increased expression of HIF-1a, HIF-2a and VEGF expression
upon stretching in bladder urothelial cells cultured from patients
with idiopathic OAB [35]. On the other hand, recent studies
showed that hypoxia (followed by re-oxygenation) resulted in time-
dependent progressive reduction in contractile responses of
bladder strips [36]. This is in line with our findings indicating
both down-regulation of actin cytoskeleton signalling and actin-
based motility by rho as regulated pathways. Hypoxia as a key
signalling promotes pathomechanism of bladder dysfunction and
our results showed a relation to HFD induced obesity as a possible
mechanism [37].
Ubiquitin-Proteasome System (UPS)
Hypoxia is able to induce ubiquitin-proteasome system via ROS
and otherwise it was shown that the UPS pathway mediates the
oxygen-dependent proteolysis of HIF-1a, the transcription factor
important in adaptation to hypoxia [38]. To our best knowledge,
up to date no study focused on regulation of UPS in HFD related
urinary bladder dysfunction. We identified significantly reduced
levels of proteins related to UPS pathway. There is growing
evidence that ubiquitin-proteasome mediated protein degradation
plays a critical role in the regulation of a wide range of proteins
and therefore regulate metabolism of cells [38]. Our findings
indicate both down-regulation of enzymes responsible for
ubiquitination such as ubiquitin-like modifier activating enzyme
Figure 6. Validation of 14-3-3g and calpain 2. Western Blot analysis of 14-3-3g showed decreased abundance (A) in HFD rats. (B) DAB staining
revealed 14-3-3g in both, the urothelium und rBSMC. (C-E) Analysis of calpain 2 showed down-regulation of calpain 2 expression (C) and calpain 1/2
activity (D) in HFD rats. DAB staining revealed eNOS in both, the urothelium und rBSMC (E); star in (E) indicates cutting artifacts. Data are shown as
mean 6 SD. The dots represent the single values. Statistical evaluation by independent Student t-test, p,0.05 was considered as statistical
significant.
doi:10.1371/journal.pone.0066636.g006
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1 (UBA1) and down-regulation of proteins involved in proteasome
complex such as proteasome activator subunit 1 (PSME1; Figure
S2). The up-regulation of UPS pathway can be explained by the
increase of ROS mediated carbonylation of proteins and hypoxia
[34,39]. Despite the fact that HIF-1a as a marker for hypoxia was
especially enhanced in urothelium of HFD, up-regulation of
carbonylated proteins equally affected both, urothelium and
detrusor. Consequently, induction of proteasomal degradation
by increase of protein carbonylation also enhances degradation of
other proteins. We found decrease in several key proteins
describing important pathways for metabolic bladder function,
such as calpain, eNOS, and 14-3-3.
Calpain Signalling
Calpains are calcium dependent proteases, involved in vital cell
functions such as cell motility and tissue renewal [40]. Calpain can
lyse specific membrane proteins and has been shown to mediate
ischemia/reperfusion and partial bladder outlet obstruction
induced bladder dysfunction [41]. Additionally, calpain is known
to increase proteasome-dependent proteolysis and inhibiting
protein synthesis [42]. We observed significant reduction of
calpain (CAN2) abundance and activity in HFD compared to
CD with no difference in tissue distribution. This may indicate a
counter regulation mechanism to increased UPS [42].
Furthermore, calpain activation was also shown to reduce
eNOS activity [43]. Down-regulation of calpain might reflect
general regulation of calcium signalling. Pathological calcium
signalling may directly affect contractile properties of detrusor
smooth muscle cells. Detrusor contraction is counteracted by nitric
oxide release from urothelium mediating relaxation of the bladder
during storage phase [44]. Typically, storage phase is disturbed in
obesity phenotype and has been shown in rat obesity model
previously [4].
eNOS Signalling
Nitric oxide (NO) is an important modulator of bladder tone
and contributes to local immune defence [45]. Decreased eNOS
activity is linked to hypoxia and NO signalling plays an essential
role in the pathomechanism of bladder dysfunction [46]. Our data
displayed a down-regulation of the eNOS signalling pathway and
we further verified decreased phosphorylated eNOS in HFD rats
by western blotting.
Recent findings indicate that changes in NO production and
impaired NO control are early events in bladder dysfunction of
diabetes phenotype [45] and our results support a causal
relationship of impaired NO signalling in the detrusor and
metabolic bladder dysfunction in HFD rats. We found equal
distribution of eNOS in urothelium and detrusor in CD rat
bladders. However, in HFD eNOS expression was significantly
increased in urothelium but remarkably decreased in detrusor.
This confirms the hypothesis, that impaired NO signalling of both
urothelium and detrusor play a critical role in the development of
obesity related bladder dysfunction. Interestingly, a recent study
demonstrates, that urothelial production of NO and relaxation of
the detrusor muscle is impaired in insulin resistant diabetic mice
[47]. The authors further provide evidence for endoplasmatic
stress as a mechanism for the development of non-voluntary
detrusor contractions often seen in diabetic OAB.
14-3-3 Pathway
Differential regulation was found for various eNOS pathway
related proteins including 14-3-3g [48]. 14-3-3 signalling is a
pleiotropic pathway with major involvement in insulin signalling
and pancreatic b-cells survival [49]. Up to date this pathway has
not been focused in relation to bladder dysfunction, despite it is a
central pathway for cell survival, glucose metabolism, tissue
development and remodelling [50,51]. Shotgun proteomics
identified both 14-3-3 signalling and especially down-regulation
of 14-3-3g in HFD. Both, urothelium and detrusor seemed to be
involved, since no difference in 14-3-3g distribution was observed
in immunohistochemistry. Down-regulation of 14-3-3 pathway
may account for the complex metabolic alterations and structural
changes seen in HFD urinary bladder. Further investigations are
necessary to explore the relevance of the 14-3-3 pathway for
bladder physiology and pathophysiology.
Conclusions
Increased cellular metabolism leads to increased acute phase
reaction, hypoxia and cellular stress. Activation of those pathways
might promote increased activity of UPS and secondarily
decreases abundance and activity of 14-3-3g, eNOS and CAN2.
The context of massive alteration of intracellular signalling results
in bladder structural alterations and lower voided urine volume.
Further studies on human tissue and cells are required to
demonstrate the significance of diet for urinary bladder function.
Focused analysis of the identified pathways will provide a valuable
approach to reach this goal.
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Figure S1: Alterations in water household. Comparison of CD and HFD rats display no 
changes in weekly and daily water intake (A). Plasma palmitate level was inverse 






Figure S2: Regulation of proteins related to signalling pathways. Comparison of rat 
bladder wall proteome revealed plenty of up-regulated proteins in HFD (green) and in 
CD (red). 1– Glycolysis; 2 - Acute Phase Response Signalling; 3 - Actin Cytoskeleton 
Signalling; 4 - Protein Ubiquitination Pathway; 5 - 14-3-3-mediated Signalling; 6 - 
Integrin Signalling; 7 - Mitochondrial Dysfunction; 8 - PI3K/AKT signalling; 9 - 
Calcium Signalling; 10 - Fatty Acid β-oxidation; 11 - Regulation of Actin-based 
Motility by Rho; 12 - eNOS Signalling; 13 - Hypoxia Signalling. 
 
Table S1.: Antibodies used for Dot blot (DB), Western blotting (WB), 
immunohistochemistry (IHC) and indirect immunofluorescence (IF). 
Table S2.: ELISAs and Assays used for validation of target proteins. 
Table S3.: High-fat diet caused massive alteration of free fatty acid profile. Plasma free 
fatty acids level of rats undergone chow diet (CD) and high-fat diet (HFD). Values are 
means ± SD for discovery set and validation set. 
Table S4.: Diet composition according to the data sheet information provided by ssniff 




5.1.3 Stoffwechseländerung der Harnblase nach Sleeve Gastrektomie 
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Einleitung und wissenschaftlicher Hintergrund: Die Pathogenese der HFD-
assoziierten Harnblasendysfunktion konnte durch die Untersuchung des molekularen 
Fingerabdrucks nicht hinreichend aufgeklärt werden. Morphologische Untersuchungen 
der Harnblase im Rattenmodell zeigen den hohen Anteil an Fibrosierung sowohl 
suburothelial als auch intermuskulär. Diese Umbauprozesse können die Symptome 
einer OAB als auch einer Miktionsstörung durch eingeschränkte Blasenentleerung 
verstärken. Ein wesentlicher Trigger dieser Pathomechanismen ist die mit Adipositas-
assoziierte chronische Entzündung, deren Prozesse auch in der Harnblase HFD -
efütterter Ratten nachgewiesen werden konnten. Auf zellulärer Ebene werden der Auf- 
und Abbau von fibrösen Strukturen durch Matrix-Metalloproteasen (MMP) und deren 
Inhibitoren (TIMP) geregelt. Unklar ist, ob diese Mechanismen unter dem Phänotyp 
Adipositas dysreguliert sind bzw. ob eine metabolisch-chirurgische Intervention mittels 
SG diese zellulären Prozesse normalisieren können. 
Ziel: Die vorliegende Untersuchung studierte die Regulation der Fibrosierung, der 
MMPs und TIMPs in der Harnblasenmuskulatur und dem Urothelium nach HFD im 
Rattenmodell. Zusätzlich wurde ein SG-Modell in der Ratte unter HFD genutzt, um den 
Einfluss bariatrischer Chirurgie auf strukturelle Umbauprozesse und deren molekularen 
Hintergründe zu untersuchen. 
Methoden: Die Untersuchung erfolgte in zwei verschiedenen Rattenkohorten (Sprague-
Dawley). In der ersten Studie wurden jeweils 5 Ratten entweder HFD- oder CD-
gefüttert. Die Diät begann im Alter von 4 Wochen über einen Zeitraum von 11 Wochen. 
Der zweiten Studie wurden 14 Ratten nach 11-wöchiger HFD zugeführt. Sieben Ratten 
erhielten nach Randomisation eine Sleeve-Gastrektomie-Intervention und sieben Tiere 
wurden durch eine Sham-OP interveniert. Nach 4 Wochen erfolgten die Finalisierung 




der Harnblasenfibrosierung wurde semiquantitativ nach Van Gieson-Färbung bestimmt. 
Die Quantifizierung der Expression und die Bestimmung der Proteinaktivität im Serum 
und Harnblasengewebe erfolgten mittels spezifischer ELISAs für die Metalloproteasen 
MMP2, MMP9, MMP14 und die Inhibitoren TIMP1 bzw. TIMP2. 
Ergebnisse: HFD-gefütterte Ratten zeigen gegenüber CD Symptome einer gestörten 
Glukosetoleranz, Hyperlipoproteinämie, signifikant erhöhte Konzentration der C16-
gesättigten freien Fettsäure Palmitat und eine statistisch relevante Erhöhung 
proinflammatorischer Biomoleküle wie IL-6 und CRP. Der urologische 
Symptomkomplex unter den Bedingungen einer HFD wurde begleitet von signifikant 
verringertem Harnvolumen über einen Zeitraum von 24 Stunden. Histomorphologisch 
zeigt sich ein Anstieg der Harnblasenfibrosierung. Die Regulation und Expression der 
MMPs und TIMPs unterliegt dem jeweiligen tierexperimentellen Phänotyp (CD, HFD, 
Sham-OP, SG) und zeigt sich differentiell im Vergleich von Urothelium und 
Detrusormyozyten. Obwohl die metabolischen Parameter durch die SG positiv 
beeinflusst werden, persistiert die Harnblasenfibrose 4 Wochen postoperativ. 
Schlussfolgerungen: Die tierexperimentellen Untersuchungen belegen die Möglichkeit 
einer metabolisch-chirurgischen Intervention vielfältige Stoffwechselprozesse reversible 
zu gestalten. Dementgegen zeigen die Resultate jedoch auch, dass die Fibrosierung der 
Harnblase nur unzureichend reversible über einen Zeitraum von 4 Wochen postoperativ 
erfolgt. Dies führt zur Erkenntnis, dass strukturelle Veränderungen der Harnblase 
langfristigen Behandlungskonzepten unterliegen. 
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Weight loss surgery improves the metabolic status in an obese rat
model but does not affect bladder fibrosis associated with high fat
diet feeding
A Oberbach1,2, N Schlichting2,3, M Heinrich1,2, S Lehmann2, H Till4, FW Mohr1, F Mannello5, J-U Stolzenburg6 and J Neuhaus6
BACKGROUND: Bladder dysfunction has one of the highest prevalences as a comorbidity of obesity in industrialized countries.
The aetiopathogenesis of obesity-associated bladder dysfunction is still obscure, but there is growing evidence that general
metabolic changes in obese patients may be in part responsible. As demonstrated recently, high fat diet (HFD) significantly alters
the protein expression in the urinary bladder, activates multiple signalling pathways associated with cell survival and inflammation
and ultimately provokes bladder fibrosis in an obese rat model. The study aimed to elucidate the role of matrix metalloproteases
(MMPs) and their specific tissue inhibitors of metalloproteases (TIMPs) in obesity-related bladder extracellular matrix (ECM)
remodelling and the effect of weight loss surgery via sleeve gastrectomy (SG) on phenotype and molecular parameters.
METHODS: Twenty-four male Sprague–Dawley rats were used for (i) characterization of the HFD phenotype and (ii) evaluation of
alterations following SG. Metabolic status, the degree of bladder fibrosis and tissue expression and activity of MMP2, MMP9,
MMP14, TIMP1 and TIMP2 were analysed by immunohistochemistry, enzyme-linked immunosorbent assay and activity assays.
Statistical differences were calculated by analysis of variance or independent Student’s t-test. A P-value o0.05 was considered
statistically significant.
RESULTS: In HFD rats, we found significant alterations in lipid metabolism, fat mass, free fatty acid profile, insulin resistance and
inflammatory markers. Voided volume was significantly decreased, and bladder showed marked fibrosis. MMPs and TIMPs were
differentially regulated depending on animal status (controls, chow diet, HFD, and SG- and sham-operated animals) in both
urothelium and detrusor smooth muscle. Although animal weight and most metabolic parameters were positively affected by SG,
bladder fibrosis persisted. The limitations of this study were 1 month follow-up and lack of direct measurement of bladder function.
CONCLUSIONS: Early diagnosis of the bladder dysfunction associated with obesity is essential to allow targeted early intervention,
that is, before manifestation of potentially irreversible ECM fibrotic alterations.
International Journal of Obesity advance online publication, 19 November 2013; doi:10.1038/ijo.2013.199
Keywords: high fat diet rat model; bladder dysfunction; fibrosis; sleeve gastrectomy; matrix metalloproteinase; tissue inhibitor
of MMP
INTRODUCTION
Obesity is a growing epidemic condition with high socioeconomic
relevance1 and is associated with increased risk of several chronic
metabolic diseases, such as insulin resistance, hypertension,
cardiovascular disease and certain forms of cancer.2,3
Various urologic problems have been linked to obesity4 and the
consequences of metabolic syndrome for the aetiology of
urological disorders and the outcome of urological interventions
and therapies receive growing attention.5,6 Metabolic syndrome
was diagnosed in 64% of 313 female patients with overactive
bladder syndrome in contrast to 35% of 208 female patients
without overactive bladder syndrome, indicating a significant
association of overactive bladder syndrome and metabolic
syndrome.7
One consequence of the metabolic syndrome is chronic
inflammation, which results in malfunction of the urinary bladder
in obese patients and in several animal models.8 Recently, we
were able to demonstrate in an obese rat model that even
moderate changes in fat metabolism cause significant changes in
bladder metabolism and function in an obese rat model.9
Furthermore, the saturated fatty acid palmitate induced
inflammatory mediators in cultured human bladder smooth
muscle cells10 and impaired the vitality of cells.11
One histopathological aspect of overactive bladder syndrome-
related diseases in our recent study was a fibrosis of the bladder
wall, which was significant in high fat diet (HFD) rats.9 Bladder
fibrosis involved massive reorganization of collagen content in the
extracellular matrix (ECM) and the pathomechanism may vary
according to the different aetiologies of the fibrosis.12 However,
our knowledge of specific aetiopathogenetic mechanisms is still
very preliminary (in its infant age).
Matrix metalloproteases (MMPs), a family of 23 related zinc
proteases, which degrade ECM and non-ECM components,13,14 are
highly expressed in adipose tissue of nutritionally induced obese
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mice and were found to be upregulated in circulation of obese
humans.15–18 Dysregulation of MMPs and TIMPs has been shown
in a model of ovine fetal bladder fibrosis, namely demonstrating
downregulation of MMP1, absence of proteolytic MMP2 and/or
MMP9 activity and increased levels of TIMP1 in obstructed
bladders, all events favouring ECM accumulation.19 In addition,
ECM remodelling involves transdiffentiation of fibroblasts and
myofibroblasts into active cells producing enhanced amounts of
collagen as shown in heart failure20 and transmembraneous MMPs
(e.g. MMP14) actually may facilitate ECM accumulation and
modulate fibroblast transdifferentiation.21 Furthermore, epithelial–
mesenchymal transition (EMT) may contribute to fibrosis, driven by
deregulated MMP expression.22 Macrophage recruitment due
to specific proteolytic MMP activity may also contribute to
pathogenesis of fibrosis as recently reported for MMP9 in renal
fibrosis.23
Recently, MMPs and their specific tissue inhibitors of metallo-
proteases (TIMPs) have been recognized as a major factor in
remodelling of the endothelial barrier in chronic venous disease24
and obesity-related cardiovascular disease,25 fostering the
hypothesis that a protease/antiprotease imbalance may be the
basis of altered ECM in fibrotic bladder disease.19
Furthermore, a close relationship between lipid metabolism,
white adipose tissue fibrosis and alterations due to fat mass loss
has been reported in humans following bariatric surgery.26 Sleeve
gastrectomy (SG) has been established as a standard surgical
intervention for obesity and related comorbidities such as
disturbed glucose metabolism or hyperlipoproteinaemia.27
To elucidate the role of MMPs in obesity-related bladder ECM
remodelling, we analysed the degree of bladder fibrosis and the
tissue expression and activity of MMPs and TIMPs in an HFD model
of rat obesity before surgical intervention, in sham-operated
animals (SH), and after SG.
MATERIALS AND METHODS
Animals and overview
All animal procedures followed the international guidelines for the
prevention of animal cruelty and were approved by the Landesdirektion
Leipzig, the local authority for animal care (TVV 32/11 and TVV 32/12).
Four-week-old male Sprague–Dawley rats (n¼ 24; MEZ, Medical Experi-
mental Center, University of Leipzig, Leipzig, Germany) were used in the
following studies. Animals were kept on a 12:12 h light–dark cycle.
Study 1: HFD rat phenotype
Ten rats were randomized into two groups receiving either chow diet (CD,
n¼ 5) or HFD (n¼ 5; Supplementary Table S1) with free access to food and
water (TVV 32/11). Weight gain and food intake were monitored two times
a week over 11 weeks. CD and HFD rats were killed at the age of 15 weeks
after 11 weeks of specific diet. The day before being killed, individual urine
samples were collected in a metabolic cage over 24 h and the metabolic
profiles were recorded.
Study 2: Bariatric intervention
Fourteen rats were randomized into two groups after 11 weeks of feeding
the HFD receiving either SG (n¼ 7) or SH (n¼ 7) (TVV 32/12). The animals
fasted 16 h before surgery. SG was performed according to Chambers
et al.28 In summary, a longitudinal J-shaped resection of the stomach was
performed using a TX30B 30-mm staple gun (Johnson & Johnson Medical
GmbH, Norderstedt, Germany) leading to a reduction of the gastric volume
by 80%. SH received a laparotomy and mobilization of the stomach
without SG. Postoperative care included daily subcutaneous injection of
antibiotics (0.1 ml/100 g ceftriaxon-ratiopharm 1.0; Ratiopharm GmbH, Ulm,
Germany) for 5 days and daily admixing of analgetic (0.5 ml metamizol
(Ratiopharm GmbH)þ 30 ml 20%–glucoseþ 70 ml water to the water for
3–4 days). HFD was resumed at day 2 after surgery for another 28 days.
Weight, food and water intake were assessed daily and oral glucose
tolerance test was performed in the third week following surgery. SG- and
SH-operated animals were killed at an age of 19 weeks.
Phenotypical characterization and blood plasma analysis
Fasting glucose and fasting insulin were determined using commercial
assay kits (Supplementary Table S2). The HOMA-IR (homeostatic model
assessment of insulin resistance) was calculated according to the method
described by Cacho et al.29 Plasma levels of triglycerides, total cholesterol,
high-density lipoprotein-cholesterol and total free fatty acids (FFAs) were
measured using enzymatic assay kits (Supplementary Table S2). Fatty acid
profile was measured by Labor Dr Bayer (Leinfelden-Echterdingen,
Germany). Low-density lipoprotein-cholesterol was calculated according
to Friedewald’s formula.29 Serum uric acid, creatinine (blood and urine),
interleukin-6 and C-reactive protein were measured using commercial
biochemical and enzyme-linked immunosorbent assay (ELISA) assay kits
(Supplementary Table S2).
Histology and quantification of fibrosis
Bladders weights of excised bladders were measured using a precision
balance (Sartorius ED-623S-OCE; Sartorius AG, Göttingen, Germany).
Bladder histology was evaluated in 10mm paraffin sections stained
according to Crossmon.30 Bladder fibrosis was evaluated by
semiquantitative analysis of van Giesons’s stained sections30 at a Leica
Diaplan microscope (Leica Microsysteme, Wetzlar, Germany) equipped
with a digital colour camera DP25 (Olympus, Hamburg, Germany) using a
# 10 objective and Cell^P morphometry software (Olympus Soft Imaging
Solutions, Münster, Germany).
Protein analysis using ELISA and activity assays
Bladder tissues were snap frozen in liquid nitrogen until further use.
Abundance and activity of proteins were quantified by ELISA assays
(Supplementary Table S2) on CD (n¼ 5), HFD (n¼ 5), SH (n¼ 7) and SG
(n¼ 7). Tissue was homogenized with Ultra Turrax (VWR International,
Darmstadt, Germany), sonicated on ice three times for 3–5 s each with nine
cycles at 80% energy using a Sonoplus (Bandelin, Berlin, Germany). The
homogenates were centrifuged at 14 000 g for 10 min and protein
concentration was determined (Bradford assay; Bio-Rad Laboratories
GmbH, Munich, Germany). MMP activity was measured by the activity
assay according to the manufacturer’s instructions. The abundance of
MMP2, MMP9, MMP14, TIMP1 and TIMP2 was analyzed by specific ELISA
kits (Supplementary Table S2).
Semiquantitative confocal immunofluorescence analysis
Paraffin bladder tissue slices were incubated overnight at 4 1C with primary
antibodies (Supplementary Table S3). Indirect immunofluorescence was
performed with adequate Alexa Fluor (Invitrogen GmbH, Karlsruhe,
Germany) fluorescence-labelled secondary antibodies. Confocal scans
were taken at a Zeiss LSM-5 Pascal (Carl Zeiss, Jena, Germany). Multitrack
scanning avoided ‘bleeding through’ of the fluorescence in double-
labelling experiments. The detection system was calibrated on control
stains with no primary antibody. Confocal images were analysed with
ImageJ31 using self-written macros.
Statistical analysis
Data analysis was performed using Prism v.5.0 (GraphPad Software,
La Jolla, CA, USA). Statistical differences between CD vs HFD and SH vs SG
were calculated by independent Student’s t-test. A P-value o0.05 was
considered statistically significant. The data are shown as mean±s.d.
Significant differences between the groups are indicated by bars (Po0.05).
RESULTS
Phenotype characteristics of dietary groups
HFD rats exhibited different phenotypic characteristics in most
relevant parameters including fat masses, HOMA-IR, 2 h oral
glucose tolerance test, C-reactive protein and uric acid levels
(Table 1). HFD feeding resulted in a significant decrease of
voided volume (VV) collected over 24 h in metabolic cages,
whereas creatinine clearance remained unchanged (Table 1). The
daily and weekly water intake did not differ between both
groups (Table 1). The FFA profile was significantly higher in HFD
(1.19±0.19 mmol l$ 1) compared with CD (0.69±0.33 mmol l$ 1,
Pp0.018), whereas differences were not so prominent in SH
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(1.15±0.4 mmol l$ 1) and SG (1.01±0.26 mmol l$ 1). Interestingly,
palmitate was the most abundant saturated FFA and was
upregulated in HFD (n¼ 5; 1.4±0.7 mmol l$ 1) compared with
CD (n¼ 5; 0.63±0.21 mmol l$ 1, Pp0.046) and showed prominent
downregulation following SG (n¼ 7; 1.14±0.32 mmol l$ 1)
compared with SH (n¼ 7; 1.35±0.30 mmol l$ 1); however, not
reaching significance level of Po0.05. Rats following SG revealed
altered metabolic profile on day 28 after intervention compared
with SH (Table 1). Bladder weights did not differ between CD vs
HFD and SG vs SH, respectively (Table 1).
Alteration of rat bladder morphology
Collagen infiltration and fibrosis in detrusor and lamina propria
was the most prominent histomorphological feature (Figures 1a–c).
Most surprisingly, SG in HFD rats did not alter this pathological
finding despite significant weight loss and significant metabolic
recovery compared with SH animals in 28 days follow-up analysis
(Figures 1b and c).
Regulation of MMP and TIMPs
ECM remodelling is regulated by a network of MMPs and their
related TIMPs. Interestingly, total MMP activity (measured by
ELISA) was significantly upregulated in SG compared with all other
experimental groups (Figure 1d). In contrast, serum MMP total
activity was significantly decreased in HFD rats and did not
change in SG or SH animals (Figure 1e). MMP regulation was also
reflected in urine samples. However, total MMP proteolytic activity
was significantly increased only following long-term HFD in SH
animals (Figure 1f).
A more detailed examination of the abundance of several
important MMPs (MMP2, MMP9, MMP14) and their inhibitors
(TIMP1, TIMP2) by ELISA showed an increased expression of MMP9
in serum, urine and bladder tissue of SG rats (Table 2). In contrast,
MMP14 was downregulated in SG bladder tissue compared with
SH (Table 2). Whereas TIMP1 was upregulated in bladder tissue of
SG, TIMP2 was stably expressed (Table 2). Interestingly, MMP14
and TIMP2 were undetectable in serum and urine, and MMP2 was
below detection threshold in urine (Table 2).
Localization of MMPs and TIMPS in the bladder wall
Semiquantitative confocal immunofluorescence analysis of MMP2,
MMP9, MMP14 and TIMP1 and TIMP2 revealed distinct cellular
distribution (Figures 2 and 3). In detrusor smooth muscle cells,
MMP2 expression was significantly downregulated in HFD animals
compared with CD, independent of any treatment, whereas MMP9
was significantly upregulated in SG animals (Figures 2a and b).
MMP14 was significantly increased in HFD compared with CD and
further upregulated in SG (Figures 2a and b). TIMP1 and TIMP2
expression both were upregulated in HFD vs CD and SG vs SH
(Figures 2c and d).
In the urothelium, MMP2, MMP9 and MMP14 were also
downregulated in HFD groups compared with CD (Figures 3a
and b). Interestingly, MMP9 and MMP14 were increased in SG
compared with SH (Figures 3a and b). The MMP-specific tissue
inhibitors TIMP1 and TIMP2 were congruently downregulated in
HFD vs CD, whereas SG showed no effect on TIMP1/2 abundance
(Figures 3c and d).
Balance of MMPs and TIMPs
Ratio calculations of MMP14 to TIMP2 in detrusor muscle tissue
revealed significant downregulation in detrusor muscle following
SG (Figure 4a). The urothelium showed a significant decrease of
MMP14/TIMP2 ratio in CD vs HFD and following SG compared with
SH (Figure 4b). Interestingly, ratios were about 10 times higher in
the urothelium than in the detrusor muscle (Figure 4).
DISCUSSION
Here, we demonstrate for the first time that HFD-induced obesity
in a rat model led to significant bladder fibrosis and molecular
dysregulation of MMPs and their tissue inhibitors. This bladder
fibrosis persisted even after weight loss surgery, indicating the
influence of HFD on bladder pathophysiology.
Gasbarro et al.32 recently reported that HFD provoked
significant bladder dysfunction in the sense of obstruction
rather than overactive bladder. We here used a closely related
model and confirmed the basic voiding behaviour associated with
Table 1. Clinical characteristics of the study population phenotype
Mean±s.d. CD (n¼ 5) HFD (n¼ 5) SH (n¼ 7) SG (n¼ 7)
Body weight (g) 420±18 539±13* 556±34 473±55*
BMI (g cm$ 2) 0.67±0.04 0.79±0.06* 0.74±0.01 0.66±0.02*
Visceral body fat (g) 5.5±2.8 13±3.3* 14.7±2.3 5.6±2.8*
Subcutaneous body fat (g) 3.2±0.8 9.9±3.6* 13.4 ±1.1 7.9±2.2*
Urinary bladder weight (g) 0.106±0.02 0.114±0.04 0.134±0.02 0.135±0.02
Triglyceride (mmol l$ 1) 0.34±0.06 1.08±0.48* 0.48±0.17 0.29±0.14*
Total-cholesterol (mmol l$ 1) 2.71±0.8 4.13±1.33* 3.09±0.78 1.95±0.07*
HDL-cholesterol (mmol l$ 1) 1.1±0.39 1.34±0.37* 1.41±0.5 0.89±0.29*
LDL-cholesterol (mmol l$ 1) 1.45±0.43 1.85±1.04* 1.47±0.42 0.92±0.37*
Fasting glucose (mmol l$ 1) 5.1±0.4 6.1±0.7* 6.4 ±0.7 5.6±0.6*
AUC 2h oGTT 59±3.3 83.2±6.7* 84.4±13 71.4±9.8*
Fasting insulin (ngml$ 1) 1.19±0.11 2.39±0.91* 1.85±0.52 0.81 ±0.21*
HOMA-IR 1.3±0.15 3.14±1.26* 2.53±0.73 0.97±0.36*
IL-6 (pgml$ 1) 238±44 256±20 238±56 242±27
CRP (mgml$ 1) 0.45±0.09 0.62±0.17* 0.61±0.07 0.66±0.08
Water intake 30.2±5.85 28.2±2.73 29.3±8.8 15.1±5.01*
Food intake 22.3±4.97 20.3±4.32* 20.6±4.09 15.1±5.07*
24 h Urine volume (ml) 11±3 6±2* 7 ±1 8±2
Serum uric acid (mmol l$ 1) 104±31 169±63* 165±28 155±27
CrCl (mlmin$ 1) 1.09±0.2 1.1±0.39 0.72±0.31 0.62±0.28
Abbreviations: AUC, area under the curve; BMI, body mass index; CD, chow diet; CrCl, creatinine clearence; CRP, C-reactive protein; HDL, high-density
lipoptrotein; LDL, low-density lipoptrotein; HFD, high fat diet; HOMA-IR, homeostatic model assessment of insulin resistance; IL-6, interleukin 6; oGTT, oral
glucose tolerance test; SG, sleeve gastrectomy; SH, sham operation. Clinical characteristics of the animal groups after 15 weeks (comparing CD and HFD) and
after intervention at 19 weeks (comparing SH and SG). Values are means±s.d. of dietary groups (CD and HFD) and intervention groups (SG, SH). Significant
differences are indicated by asterisks (by independent t-test).
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HFD. In the past decade, bariatric surgery became more and more
a treatment option of morbide obesity. However, it is still unclear
which physiological effects can be attributed to the surgical
intervention and which might be related to changing of eating
behaviour. In particular, saturated FFA palmitate affects cell
survival and vitality in cultured bladder cells.11 We continued
Figure 1. Formation of ECM and MMP activity in rat urinary bladder. (a) Crossmon staining revealed the complex architecture of bladder wall
(1, bladder lumen; 2, the urothelium; 3, detrusor tissue; 4, suburothelial layer; 5, blood vessel). (b and c) Van Gieson stain indicated increased
collagen infiltration and fibrosis (red, arrow) in HFD compared with CD. Analysis of ECM formation in detrusor tissue of both dietary groups
showed increased ECM formation in HFD. Examination of ECM expression in detrusor tissue after bariatric intervention in HFD rats revealed no
differences in ECM expression (red; arrow) in SG rat bladder compared with SH rats. Values are means±s.d. Significant differences are
indicated by bar (c). (d–f ) Analysis of MMPs’ activity in bladder wall tissue, blood serum and urine. Values are means±s.d. Significant
differences are indicated by bar.
Table 2. Expression of MMPs and TIMPs
Mean ±s.d. CD HFD SH SG
MMP2
Serum (ngml$ 1) 10.3±2 10.2±2.1 12.9±1.6 13.1±2.1
Urine N/A N/A N/A N/A
Bladder tissue (ngmg$ 1 total protein) 0.91±0.23 1.01±0.26 0.77±0.15 0.76±0.15
MMP9
Serum (ngml$ 1) 3.4±1.8 4.3±0.4 5.9±2.6 21.1±14.4*
Urine (pgmg$ 1 creatinine) 116±52 53±31* 76±34 157±89*
Bladder tissue (pgmg$ 1 total protein) 36±13 55±26 54±24 106±16*
MMP14
Serum N/A N/A N/A N/A
Urine N/A N/A N/A N/A
Bladder tissue (ngmg$ 1 total protein) 0.26±0.17 0.21±0.12 0.48±0.1 0.29±0.15*
TIMP1
Serum (ngml$ 1) 6.3±2.3 5.8±1.1 10.1±2.5 15.0±3.8*
Urine (ngmg$ 1 creatinine) 2.1±1.0 1.1±0.8* 1.6±0.6 1.0±0.6*
Bladder tissue (ngmg$ 1 total protein) 1.0±0.4 1.0±0.6 1.4±0.5 2.1±0.5*
TIMP2
Serum N/A N/A N/A N/A
Urine N/A N/A N/A N/A
Bladder tissue (ngmg$ 1 total protein) 11.4±5.9 11.3±10.6 22.2±11.7 18.1±11.1
Abbreviations: CD, chow diet; HFD, high fat diet; ELISA, enzyme-linked immunosorbent assay; CD, chow diet; HFD, high fat diet; MMP, matrix metalloprotease;
N/A, not available; SG, sleeve gastrectomy; SH, sham operation; TIMP, tissue inhibitors of metalloprotease. Protein abundance was measured by ELISA in serum,
urine and urinary bladder tissue of HFD rats and after SG. Values are means±s.d. of dietary groups (CD and HFD) and intervention groups (SH and SG).
Significant differences are indicated by asterisks.
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HFD feeding following surgical intervention to get a
deeper understanding of the effect of SG on bladder molecular
regulation.
Interestingly, HFD-associated downregulation of gelatinolytic
MMP2 and MMP9 and of their specific tissue inhibitors TIMP1 and
TIMP2 was especially prominent in the bladder urothelium. In the
detrusor muscle, we found less regulation of MMPs but significant
increase of TIMPs following HFD. This speaks in favour for a
significant impact of MMP/TIMP imbalance on ECM formation in
the HFD bladders. Our data are in agreement with the evidence
obtained in a model of ovine fetal bladder fibrosis through
dysregulated proteolytic/antiproteolytic balance and to the recent
study revealing changes of bladder compliance in rabbits with
partial bladder outlet obstruction correlated with MMP1/TIMP1
imbalance in bladder tissue.19,33
Our finding that urothelium is the main contributor to
MMP/TIMP regulation sheds a new light on the role of
urothelium in bladder remodelling. In fact, we found that
MMP14/TIMP2 ratio was significantly decreased in the
urothelium of HFD rats and profoundly different to SH following
SG. Downregulation in HFD was not significant in the detrusor
muscle cells, but the ratio was decreased in SG rats as in the
urothelium. However, ratios in the detrusor muscle were factor
10 smaller compared with those in the urothelium (Figure 4),
emphasizing the importance of urothelium for the fine regulation
of MMP activity.34
The view of urothelium just being the inner lining of the
bladder and a barrier to potential toxins from urine can no longer
hold. In a previous study, we found that the urothelium is a very
metabolically active cell layer9 and our recent study indicates that
modulation of the ECM of the bladder is one of its important
functions. Bladder fibrosis as seen in HFD animals impairs bladder
compliance, leading to bladder dysfunction, including increased
residual volume,32 which might trigger the urothelium to
counteract fibrosis via upregulation of MMP pathway.
Furthermore, bladder fibrosis persisted even after SG, whereas
metabolism was significantly improved. These results support the
clinical importance of bladder dysfunction in obesity as a major
comorbidity. Obviously, surgical intervention alone will not be
sufficient to restore bladder function as long as the diet
composition is not changed.
As we recently demonstrated, FFA palmitate is the major
upregulated lipid in obese phenotype9 and is sufficient to impair
vitality in cultured human bladder cells11 and may promote the
immunological background for bladder inflammation.10
In our present study, the end point was 4 weeks after SG and
may therefore not be sufficient to remodel the bladder wall,
whereas molecular changes were already obvious. Molecular
representation of MMPs, which are the major proteolytic enzymes
involved in ECM composition and pathological alteration, showed
significant downregulation in HFD and particular imbalance in
MMP/TIMP relation following SG. So far, MMPs have mostly been
related to bladder cancer and were highly associated with tumour
grade.34,35 Our novel findings stress the importance of the
MMP/TIMP network for bladder function and the HFD impact on
this delicate system.
Figure 2. Localization of MMPs and TIMPs in HFD rat bladder detrusor. (a) Confocal immunofluorescence of MMP2, MMP9 and MMP14 (white)
in CD and HFD rats. Nuclei are stained with 40,6-diamidino-2-phenylindole (DAPI) (blue); NC, negative control. (b) Analysis of confocal
immunofluorescence showed lower MMP2 expression in HFD, whereas MMP9 and MMP14 were increased. Values are means±s.d. Significant
differences are indicated by bar. (c) Abundance of TIMP1 and TIMP2 (red) in CD and HFD rats was quantified by confocal immunofluorescence;
nuclei are stained with DAPI (blue). (d) Analysis of confocal immunofluorescence showed increased TIMP1 and TIMP2 expression in HFD.
Values are means±s.d. Significant differences are indicated by bar.
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Although it is well known that gelatinases (MMP2 and MMP9)
may impart susceptibility to HFD-induced obesity in mice,36
here we show for the first time that HFD is sufficient to induce a
peculiar MMP/TIMP network in bladder urothelium, even if lipid
metabolims is significantly improved by intervention via SG.
There is some evidence, though, that the process of bladder
ECM recovery started 1 month after surgery, but probably it will
take much longer period to have significant impact on bladder
fibrosis. As proposed for bladder cancer diagnostics,35 MMP and
TIMP expression and their peculiar balance may extend the
diagnostic tools for bladder dysfunction related to obesity and the
follow-up of their therapies.
Our study has certain limitations as well as strengths. We could
not perform cystometric measurements in this study. However, we
used an HFD rat model closely resembling the study of Gasbarro
et al.32 in diet composition, who found significant bladder
dysfunction in HFD model independent o disturbed glucose
metabolism (CD: 12.3 vs 11 kcal% in our study and 48 vs 45 kcal%
in HFD in our animal cohort). The strength of our study is the
comprehensive phenotyping of our rats. This should allow direct
comparison to a wide range of animal studies. Furthermore, our
study highlights for the first time the distinct contributions of
major bladder cell types to diet-triggered bladder dysfunction.
We conclude that, in our rat model, HFD led to bladder
fibrosis and massive molecular alterations, mainly linked to
inflammatory and proteolytic pathways. SG provoked metabolic
improvements but could not reverse bladder fibrosis. Changes
in MMP and TIMP expressions were most prominent in the
urothelium, indicating important contribution to bladder
remodelling. As bladder dysfunction represents one of the most
important comorbidities of obesity, it is of importance to assess
the status of the bladder dysfunction early and to allow for
immediate targeted intervention, that is, before manifestation of
potentially irreversible ECM alterations.
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Figure 3. Localization of MMPs and TIMPs in HFD rat bladder urothelium. (a) Confocal immunofluorescence of MMP2, MMP9 and MMP14
(white) in CD and HFD rat bladder. Nuclei are stained with 40,6-diamidino-2-phenylindole (DAPI) (blue) (1, bladder lumen; 2, the urothelium;
3, suburothelial layer); NC, negative control. Light microscopic inset shows an overview of bladder urothelium. (b) Analysis of confocal
immunofluorescence showed lower expression of MMP2, MMP9 and MMP14 in HFD rat bladder. Values are means±s.d. Significant differences
are indicated by bar. (c) Abundance of TIMP1 and TIMP2 (red) in CD and HFD rats was quantified by confocal immunofluorescence; nuclei are
stained with DAPI (blue). (d) Analysis of confocal immunofluorescence showed decreased TIMP1 and TIMP2 expression in HFD. Values are
means±s.d. Significant differences are indicated by bar.
Figure 4. Ratios of MMP14/TIMP2 in HFD rat bladder tissue. Values
are means±s.d. Significant differences are indicated by bar.
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5.1.4 In-vitro-Proteinanalysen der Harnblasenmyozyten und suburothelialer 
 Myofibroblasten 
Die nachfolgenden In-vitro-Untersuchungen wurden an glatten Muskelzellen 
(Abbildung 6) der Harnblase durchgeführt. Zellkulturen bieten gegenüber komplexen 
Gewebeanalysen den Vorteil, den Zelltyp von Interesse ohne Einfluss anderer Synzytien 
eruieren zu können. Der Harnblasengewebekomplex ist determiniert durch 
Urothelzellen, suburotheliale Myofibroblasten, neuronale Zellverbände und 
Detrusomyozyten. In den eigenen Untersuchungen lag der Fokus wissenschaftlichen 
Interesses auf der Bestimmung intrazellulärer Signalkaskaden, der Ermittlung 
spezifischer Proteinexpressionsmuster und der Darstellung subzellularer Lokalisierung 
mittels konfokaler Laser-Scanning-Mikroskopie. Die humanen Zellkulturen wurden bis 
zu konfluenten Zellrasen herangezogen und mit der C16-gesättigte-Fettsäure Palmitat 
zeit- und konzentrationsabhängig stimuliert. In weiterführenden Studien wurde die Zell-
Zell-Kommunikation nach Stimulation mit Adipozytokinen wie IL-6 bzw. TNFα 
untersucht. Die Studien geben Hinweise, inwieweit die Harnblasenmuskulatur durch 
Adipositas-assoziierte Biomoleküle ihre molekularen Signale reguliert. 
 
 
Abbildung 6: Aufbau der Harnblasenwand im Rattenmodell. Im Besonderen zeigt die 
Darstellung (Crossmon-Färbung) die verschiedenen Synzytien und verdeutlicht den 






5.1.4.1 Vitalität und Funktion der Detrusormyozyten unter dem Einfluss von 
Palmitat 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 66-76): 
Oberbach A, Schlichting N, Heinrich M, Till H, Stolzenburg JU, Neuhaus J.  
Free fatty acid palmitate impairs the vitality and function of cultured human bladder 
smooth muscle cells.  
PLoS One. 2012; 7(7):e 41026. 
 
Einleitung und wissenschaftlicher Hintergrund: Die freie Fettsäure Palmitat ist ein 
wirksamer proentzündlicher Stimulus und induziert in verschiedenen Geweben des 
Körpers die Expression der Adipozytokine IL-6 und MCP-1. Die Serum-Konzentration 
der freien gesättigten C16-Fettsäure Palmitat ist im Phänotyp Adipositas signifikant 
erhöht gegenüber einer normalgewichtigen Population. Eine Vielzahl von 
Untersuchungen im viszeralen und subkutanen Fettgewebe sowie im Skelettmuskel 
belegen, dass die Stimulation dieser Gewebe mit Palmitat intrazelluläre Signalwege 
pathologisch manipulieren kann. Eigene Versuchsansätze legten die Vermutung der 
Adipositas-assoziierten Harnblasendysfunktion durch Palmitat nahe. Diese Hypothese 
wurde durch die Erkenntnisse der Literatur gestützt. Epidemiologische Studien zeigen 
eine erhöhte Prävalenz der Infektion des Harntraktes in Patienten mit Diabetes Mellitus 
Typ 2 und bestehender Adipositas bei bekannter Erhöhung von Serum-
Palmitatkonzentration.  
Ziel: In der vorliegenden Untersuchung wurde der Einfluss von Palmitat auf die 
Zellvitalität, die Zellproliferation, die mitochondriale Enzymaktivität und die anti-
oxidative Kapazität der Detrusormyozyten geprüft. Die Untersuchungen der humanen 
Detrusormyozyten-Zellkulturen erfolgten nach zeit- (8h, 24h und 48h) und 
konzentrationsabhängiger (0.25µM, 0.5µM) Stimulation mit Palmitat. Die gewählten 
Palmitatkonzentrationen orientierten sich an den physiologischen (0.25µM) und 
pathophysiologischen (0.5µM) Konzentrationen von Serum-Palmitat im Phänotyp 
Adipositas. 
Methoden: Humane Detrusormyozyten wurden als Primärkultur aus Zystektomie-
Proben isoliert und bis zu einer Konfluenz von mindestens 80% kultiviert. Die 
Quantifizierung der Zellvitalität, Proliferation, mitochondrialen Enzymaktivität und der 
antioxidativen Kapazität basiert auf ELISA-Assays sowie konfokaler 




NF-kB, JAK/STAT, MEK1, PI3K, und JNK auf o.g. zelluläre Prozesse. 
Ergebnisse: Wesentliche Ergebnisse der Zellkulturstudie sind: (i) Stimulation von 
Detrusormyozyten mit Palmitat vermindert signifikant die Proteine zur Steuerung der 
Zellproliferation und erhöht die mitochondriale Enzymaktivität sowie die anti-oxidative 
Kapazität; (ii) direkte Hemmung des IL-6-Rezeptors mit AG490 verstärkt die 
Verminderung der Zellproliferation; (iii) im Gegensatz hierzu führt eine Inhibition von 
SOCS3 zu einem Anstieg der Zellproliferation und der antioxitativen Kapazität trotz 
Palmitat Stimulation; (iv) die Hemmung der JAK/STAT3 Signalkaskade via Inhibition 
von PI3K oder JNK verbessert die Zellproliferation der Detrusormyozyten; (v) ein 
Anstieg der mitochondrialen Enzymaktivität konnte nach Inhibition mit PI3K 
beobachtet werden. 
Schlussfolgerungen: Die gesättigte freie Fettsäure Palmitat ist ursächlich an der 
Alteration vitaler Zellprozesse beteiligt. Insbesondere die intrazelluläre Signalkaskade 
des Adipozytokins IL-6 via JAK/STAT, MERK PI3K und JNK können diese zellulären 
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Abstract
Background: Incidence of urinary tract infections is elevated in patients with diabetes mellitus. Those patients show
increased levels of the saturated free fatty acid palmitate. As recently shown metabolic alterations induced by palmitate
include production and secretion of the pro-inflammatory cytokine interleukine-6 (IL-6) in cultured human bladder smooth
muscle cells (hBSMC). Here we studied the influence of palmitate on vital cell properties, for example, regulation of cell
proliferation, mitochondrial enzyme activity and antioxidant capacity in hBSMC, and analyzed the involvement of major
cytokine signaling pathways.
Methodology/Principal Findings: HBSMC cultures were set up from bladder tissue of patients undergoing cystectomy and
stimulated with palmitate. We analyzed cell proliferation, mitochondrial enzyme activity, and antioxidant capacity by ELISA
and confocal immunofluorescence. In signal transduction inhibition experiments we evaluated the involvement of NF-kB,
JAK/STAT, MEK1, PI3K, and JNK in major cytokine signaling pathway regulation. We found: (i) palmitate decreased cell
proliferation, increased mitochondrial enzyme activity and antioxidant capacity; (ii) direct inhibition of cytokine receptor by
AG490 even more strongly suppressed cell proliferation in palmitate-stimulated cells, while counteracting palmitate-
induced increase of antioxidant capacity; (iii) in contrast knockdown of the STAT3 inhibitor SOCS3 increased cell
proliferation and antioxidant capacity; (iv) further downstream JAK/STAT3 signaling cascade the inhibition of PI3K or JNK
enhanced palmitate induced suppression of cell proliferation; (v) increase of mitochondrial enzyme activity by palmitate was
enhanced by inhibition of PI3K but counteracted by inhibition of MEK1.
Conclusions/Significance: Saturated free fatty acids (e.g., palmitate) cause massive alterations in vital cell functions of
cultured hBSMC involving distinct major cytokine signaling pathways. Thereby, certain cytokines might counteract the
palmitate-induced downregulation of cell proliferation and vitality. This could be an important link to clinical findings of
increased risk of metabolic related bladder diseases such as overactive bladder (OAB) and bladder pain syndrome/interstitial
cystitis (BPS/IC).
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Introduction
Abnormal urinary storage symptoms are linked to obesity and
poor general health [1]. Over the past 20 years rapid increase in
the number of overweight and obese individuals can be stated still
increasing. Obesity related diseases are prognosed to gain
increasing relevance in public health of industrialized countries.
Obesity is a constellation of central adiposity and often related to
impaired fasting glucose [2], elevated blood pressure [3], and
dyslipidemia such as high triglyceride, low HDL cholesterol and
increased levels of free fatty acid (FFA) palmitate [4].
Palmitate is an inflammatory stimulus and can induce IL-6 and
MCP-1 expression and secretion in cultured human bladder
smooth muscle cells [5]. Induction of cytokines by palmitate may
be a pathogenetic factor underlying the higher frequency and
persistence of urinary tract infections in patients with metabolic
diseases [5]. Urinary tract infections (UTI) are more frequent in
patients with diabetes mellitus than in subjects with normal glucose
metabolism and take a more severe course [6].
Various studies have shown palmitate dependent regulation of
cytokines such as IL-6 [5,7], TNFa [8] and MCP1 [5]. Recently
we reported on palmitate stimulating IL-6 abundance via NF-kB
autocrine and paracrine signaling in detrusor myocytes [5].
Additionally, IL-6 is a key cytokine in cell proliferation,
mitochondrial enzyme activity, antioxidant capacity [9], and
intercellular communication [10].
Since basic bladder function depends on balanced cellular
interactions, cytokines are a major regulation factor in normal and
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pathological bladder states [10–12]. Various cytokines are
upregulated in overactive bladder [13], interstitial cystitis (IC)
[14], during bladder inflammation [12,15], and in metabolic
disorders [5].
Therefore we investigated the effect of palmitate onto four
major pathways involved in cytokine signaling: (1) janus kinase
(JAK) activation of Signal transducers and activators of transcrip-
tion (JAK/STAT); (2) Phosphoinositol-3-kinases (PI3K); (3)
Mitogen-activated protein kinase kinase 1 (MEK1); (4) c-Jun N-
terminal kinase (JNK).
The JAK/STAT pathway regulates vital cell processes such as
cell proliferation, survival and inflammation [16]. Cell prolifera-
tion depends on phosphorylated STAT3 (pSTAT3) [17] and
pSTAT3 elicits an anti-apoptotic signal via MAPK pathway [18].
Previously, we showed suppressor of cytokine signaling SOCS3
expression in hBSMC [5], which inhibits the cytokine receptor
signaling via inhibition of JAK/STAT3 [19].
PI3K pathway is involved in cytokine modulation of cell
proliferation, cell motility and cell survival [20]. This signaling
cascade plays an important role in metabolic disease such as
obesity related disorders [21].
MEK1 regulates activation of extracellular signal-regulated
kinase (ERK) [22], which also influences vital cell functions such as
proliferation and cell cycle arrest [23].
JNK is a mitogen-activated protein kinase, which regulates gene
transcription via cJUN activation, associated with oxidative stress
and inflammation [24].
In the present study we investigated palmitate effects on vital
cellular functions of cultured human bladder smooth muscle cells
and their modulation by inhibition of some major cytokine
signaling pathways. We found that palmitate inhibited cell
proliferation, and increased mitochondrial activity and antioxidant
capacity. Those functions are differentially modulated by inhibi-
tion of major cytokine signaling pathways.
Methods
Ethics Statement
The study was approved by the Ethics Committee of the
University of Leipzig (Reg. No. 773) and was conducted according
to the principles expressed in the Declaration of Helsinki. Written
informed consent was obtained from all patients.
Cell Culture
Human bladder smooth muscle cell (hBSMC) cultures were
established from human detrusor muscle after radical cystectomy
of tumor patients as described earlier [5]. Cells were grown in
SMC Growth Medium 2 (PromoCell, Heidelberg, Germany) and
passages P4–P6 were used for the experiments. At 80% confluence
cells were treated with 0.25 mM palmitate for 48 h to analyze
palmitate effect on cell proliferation, mitochondrial enzyme
activity and antioxidant capacity. A palmitate concentration of
0.25 mM, which is the postprandial blood level found in humans
[25] proved to be non-toxic for hBSMC in pilot dose-finding
studies (data not shown). Palmitate was used in combination with
2% bovine serum albumin (BSA) as carrier of FFAs. Medium
treated cells were used as control.
For pathway analyses, cells were pre-incubated for 1 h with
40 mM MG132 (proteasome inhibitor of NF-kB signaling;
TOCRIS, Ellisville, MO, USA), 2 mM AG490 (inhibitor of Janus
Kinase; MERCK, Darmstadt, Germany), 20 mM PD98059
(inhibitor of Map Kinase Kinase/Erk Kinase 1 [26]; Calbiochem,
San Diego, CA, USA), 20 mM LY294002 (inhibitor of Phospha-
tidylinositol 3-Kinase [27]; Calbiochem) and 50 mM SP600125
(inhibitor of c-Jun N-terminal Kinase [28]; TOCRIS).
Small Interfering RNA (siRNA) Transfection
Knockdown of SOCS3 was performed by SOCS3 siRNA
transfection of hBSMC. Cells were grown to 80% confluency in 6-
well plates. After 24 h cells were treated with 10 nM SOCS3
siRNA (Hs_SOCS3_7_HP siRNA; Qiagen, Hilden, Germany) in
serum free medium. For transfection HiPerFect Transfection
Reagent (Qiagen) were used. As negative, non-silencing control
the AllStars Negative Control siRNA, including in this kit, was
used. The Negative Control siRNA was labeled with Alexa Fluor
488 fluorescence dye, which allowed monitoring of transfection
efficiency by LSM-5 Pascal confocal laser scanning microscope
(Carl Zeiss, Jena, Germany). SOCS3 knockdown efficiency was
detected by quantitative PCR after 24 h of transfection.
RNA Extraction and Quantitative PCR
Total RNA was isolated with AllPrep DNA/RNA/Protein Mini
Kit (Qiagen). Quantitative PCR was performed with the real-time
PCR-System realplex2 Mastercycler (Eppendorf, Hamburg,
Germany) using the SYBR-Green quantitative PCR Mastermix
(Fermentas, St. Leon-Rot, Germany) and custom primers (MWG-
Biotech, Ebersberg, Germany; Table 1). Human 36B4 (acidic
ribosomal phosphoprotein P0) served as internal standard.
Dot Blot Analysis
Protein extracts were prepared according to manufactory
manual (AllPrep DNA/RNA/Protein Mini Kit; Qiagen). 2 mg
total protein were transferred in triplicates on nitrocellulose
membrane by Dot Blotting (Dot Blot 96 System, Biometra,
Goettingen, Germany). After blocking with Odyssey blocking
buffer (LICOR Biosciences, Bad Homburg, Germany) for 1 h the
membranes were incubated with anti-SOCS3 rabbit IgG (1:1000;
Santa Cruz Biotechnology, Heidelberg, Germany) over night at
4uC. For detection we used anti-rabbit IRDye 680 (1:5000; Licor
Biosciences) for 2 h. Membranes were scanned with Odyssey
Infrared Imager and evaluated by Odyssey Infrared Imaging
Software 3.0 (Licor Biosciences). Total protein was visualized by
SYPRO Ruby blot stain (BioRad, Munich, Germany).
Assays
For cell proliferation and mitochondrial enzyme activity analysis
cells were used at 80% confluency in 96-well plates and incubated
over night.
Cell proliferation was measured by BrdU colorimetric cell
proliferation ELISA (Roche, Mannheim, Germany) by quantifying
BrdU incorporated into the newly synthesized DNA of replicating
cells.
Mitochondrial enzyme activity was analyzed using 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. MTT (a yellow tetrazole; Sigma-Aldrich, Steinheim,
Germany) is reduced to purple formazan in living cells.
Hydrochloric acid is added to dissolve the insoluble purple
formazan product into a colored solution. The absorbance of this
colored solution can be quantified by measuring at 570 nm by a
spectrophotometer.
The antioxidant capacity was measured by Antioxidant Assay
(Cayman Chemical Company, Ann Arbor, MI, USA), which show
the cumulative effect of all antioxidants present in cell lysate
include enzymes (superoxide dismutase, catalase, glutathione
peroxidase), macromolecules (albumin, ceruloplasmin, ferritin)
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and small molecules (ascorbic acid, alpha-tocopherol, beta-
carotene, reduced gluthatione, uric acid, bilirubin).
Secreted IL-6 was quantified by Quantikine human IL-6
immunoassay (R&D Systems, Minneapolis, MN, USA). IL-6 in
cell culture supernatants were measured after being centrifuged in
1:100 diluted samples.
Confocal Immunofluorescence
Cells were cultured on cover slips. At 80% confluence cells were
fixed in 4% buffered paraformaldehyde. For detection of protein
carbonylation cells were pre-incubated 1 h with 0.1% 2,4-
dinitrophenyl hydrazine (DNPH; Sigma-Aldrich, Steinheim,
Germany) which reacts with protein carbonyls. Cells were
incubated over night at 4uC with primary antibodies (Table 2)
for Dinitrophenol (DNP), a marker for protein carbonylation;
Malondialdehyde (MDA), a marker for lipid oxidation, pSTAT3
and SOCS3, regulated proteins of IL-6 signaling. Indirect
immunofluorescence was performed with secondary antibodies
conjugated with Alexa Fluor 488 or Alexa Fluor 555 fluorescence
dye (1:500; Invitrogen, Karlsruhe, Germany). Cell nuclei were
stained with 496- diamidino-2-phenylindoldihydro-chloride
(DAPI). The cells were analyzed at a LSM-5 Pascal confocal laser
scanning microscope (Carl Zeiss).
Statistical Analysis
Complete data analysis was performed using Prism 5.0
(GraphPad Software, La Jolla, USA) statistical software. The data
are presented as the mean +/2 SEM from at least six independent
experiments. Statistical differences were analyzed by ANOVA. A
P-value ,0.05 was considered statistically significant.
Results
Palmitate Effects on Cell Proliferation, Mitochondrial
Enzyme Activity and Antioxidant Capacity
Treatment of hBSMC with FFA palmitate (up to 48 hrs)
resulted in significant decrease of cell proliferation in a time
dependent manner (Fig. 1A). Furthermore phase contrast micro-
scopic observation indicated early signs of palmitate induced
apoptosis in vital hBSMC (Fig. S1). In contrast, mitochondrial
enzyme activity was significantly increased by 0.25 mM stimula-
tion up to 48 hours (Fig. 1A). Cell stimulation with 0.25 mM
palmitate showed up-regulation of antioxidant capacity, (Fig. 1A).
Additionally, confocal microscopy revealed decreased protein
carbonylation (Fig. 1B) compared to medium after 48 hours of
0.25 mM palmitate stimulation. On the other hand, malone
dialdehyde (MDA), a marker of lipid peroxidation, showed distinct
lipid oxidative droplets located to the cell membrane after 48
hours of palmitate stimulation whereas in medium control we did
not observed peroxidated lipid droplets (Fig. 1B). Taken together,
palmitate had a significant effect on cell proliferation, mitochon-
drial enzyme activity and an inverse effect on antioxidant capacity.
It is well known that palmitate induces NF-kB via protein
kinase-C (PKC)-activity and that NF-kB release can be blocked by
MG132, a potent inhibitor of proteasomal degradation of IkB
[29]. After 48 h simultaneous stimulation with 0.25 mM palmitate
Table 1. List of primers used for quantitative PCR.
Primer sequence 59R39 length (bp) binding site
h36B4 forward AAC ATG CTC AAC ATC TCC CC 397 exon 6
h36B4 reverse CCG ACT CCT CCG ACT CTT C exon 8
hBcl-XL forward TCT GGT CCC TTG CAG CTA GT 197 exon 3
hBcl-XL reverse CAG GGA GGC TAA GGG GTA AG exon 3
hPGC1a forward GGC AGT AGA TCC TCT TCA AGA TC 262 exon 8/9
hPGC1a reverse TCA CAC GGC GCT CTT CAA TTG exon 10/11
hGPX1 forward TGG CTT CTT GGA CAA TTG CG 272 exon 1
hGPX1 reverse GAT GCC CAA ACT GGT TGC ACG GGA A exon 1
hCAT forward GCG GTC AAG AAC TTC ACT GA 188 exon 11/12
hCAT reverse GCT AAG CTT CGC TGC ACA GGT exon 13
hCOX1 forward CAA TGC CAC CTT CAT CCG A 430 exon 4
hCOX1 reverse GAG CCG CAG TTG ATA CTG A exon 7
h4BP1 forward TAT GAC CGG AAA TTC CTG ATG GA 159 exon 2
h4BP1 reverse CCG CTT ATC TTC TGG GCT ATT G exon 2
doi:10.1371/journal.pone.0041026.t001
Table 2. List of primary antibodies used for immunocytochemistry.
Antigen host Type source dilution
human pSTAT3 (Tyr705) mouse monoclonal, IgG1 Cell Signaling Technology, Danvers, USA 1:100
human SOCS3 (H-103) rabbit polyclonal, IgG Santa Cruz Biotechnology, Heidelberg, Germany 1:100
Malondialdehyde (MDA) rabbit polyclonal, IgG abcam, Cambridge, UK 1:400
Dinitrophenol (DNP) mouse monoclonal, IgG1 Acris Antibodies, Herford, Germany 1:400
doi:10.1371/journal.pone.0041026.t002
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+ inhibitor MG132 we found significant decrease in cell
proliferation and in antioxidant capacity, while there was no
effect on mitochondrial enzyme activity (Fig. 1C).
In gene expression experiments we found down-regulation by
NF-kB of genes related to cell proliferation (4E-BP1 and BCL-XL,
Fig. 2A), mitochondrial enzyme activity (COX1 and PGC-1a,
Fig. 2B), and to antioxidant capacity (CAT and GPX1, Fig. 2C).
Interestingly, 4E-BP1 and BCL-XL were already down
regulated by palmitate alone, while COX1 and PGC-1a were
up-regulated. Palmitate had no effect on genes involved in
antioxidant capacity neither CAT nor GPX1 (Fig. 2A–C).
Palmitate Induced IL-6 Signaling Influenced Cell
Proliferation, Mitochondrial Enzyme Activity and
Antioxidant Capacity
In previous studies we have shown that palmitate leads to
significant increase of IL-6 protein expression, cellular secretion,
Figure 1. Palmitate effects on cell proliferation, mitochondrial enzyme activity and antioxidant capacity by inhibition NF-kB-
signaling on human Bladder Smooth Muscle Cells. Cultured hBSMC (P4–P6) after 8, 24 and 48 h stimulation with 0.25 mM palmitate. (A) Time-
dependent palmitate effects on cell proliferation, mitochondrial enzyme activity and antioxidant capacity measured by ELISA. (B) Confocal
Immunofluorescence for protein carbonylation (DNPH, green) and lipid peroxidation (MDA, red) either medium control or after 48 h stimulation with
0.25 mM palmitate. Upper left inset represents negative control without primary antibody. Nuclei were stained with DAPI (blue). Lower right inset
represents 2-fold magnification of peroxidated lipid droplets (white arrow). (C) Regulation of cell proliferation, mitochondrial enzyme activity and
antioxidant capacity after previous inhibition of proteasomal degradation of IkB leading to diminished NF-kB release with 40 mM MG132 for 48 h.
Data are shown as mean and SEM from three different cultures. Significant differences are indicated by bars. The medium controls are depicted in Fig.
1A and are omitted in Fig. 1C (48 h stimulation).
doi:10.1371/journal.pone.0041026.g001
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and IL-6 signaling. Here we investigated the influence of IL-6
pathways inhibition, prototypic for numerous other cytokines.
We followed a two step approach in the present study: (i) we
investigated the JAK/STAT receptor signaling using AG490 for
direct inhibition of the cytokine receptor, and we used SOCS3
inhibition to release full STAT3 signaling cascade, (ii) we analyzed
the signalling downstream JAK/STAT. Palmitate stimulation
under direct inhibition of the cytokine receptor by the specific
JAK/STAT inhibitor AG490 significantly decreased cell prolifer-
ation and antioxidant capacity while mitochondrial activity was
unaltered (Fig. 3A). This was reflected by congruent downregu-
lation of antioxidant capacity key enzyme gene expression (CAT
and GPX1, Fig. 2C). While gene expression of mitochondrial
enzymes COX1 and PGC-1a was downregulated by AG490
(Fig. 2B) there was no detectable effect in protein activity assay
(Fig. 3A).
As illustrated in figure 3B SOCS3 regulates gene transcription
by inhibition of STAT3. We performed small interfering RNA
(siRNA)-mediated knockdown of SOCS3 to release full cytokine
receptor signaling. We found less SOCS3-immunoreactivity in
confocal analysis of SOCS3-siRNA treated cells (Fig. 3C). The
effectivity of siRNA knockdown was verified by real-time PCR and
protein analysis (Fig. 4). Stimulation of hBSMC with 0.25 mM
palmitate + inhibition of SOCS3 led to up-regulation of cell
proliferation and antioxidant capacity (Fig. 3D).
Downstream of pSTAT3, the IL-6-JAK/STAT pathway can be
regulated by MEK 1, PI3K and JNK signaling (Fig. 5A).
Inhibition of MEK1 by PD98059 during stimulation with
0.25 mM palmitate had no influence on cell proliferation or
antioxidant capacity but decreased mitochondrial enzyme activity
(Fig. 5B). However, COX1 and PGC-1a, both involved in
mitochondrial enzyme activity, were down regulated by inhibition
of MEK1 pathway (Fig. 2B).
A more prominent regulation of cellular response was observed
when phosphoinositol (PI)-3-kinase signaling was inhibited
(LY294002). Palmitate reduced cell proliferation was dramatically
further inhibited when palmitate was applied together the PI3K
inhibitor LY294002 (Fig. 5C). Mitochondrial enzyme activity,
which was enhanced by palmitate alone, was further enhanced
when PI3K pathway was inhibited (Fig. 5C). Inhibition of PI3K
pathway did not affect palmitate-induced augmentation of
antioxidant capacity (Fig. 5C).
On gene expression level inhibition of PI3K during palmitate
stimulation showed varying effects on the examined genes (Fig. 2).
We found a down-regulation of 4E-BP1 and COX1 and up-
regulation of PGC-1a gene expression levels when PI3K was
inhibited (Fig. 2A and 2B).
Another major downstream pathway of cytokine signaling is
characterized by its key-enzymes c-Jun N-terminal kinases (JNKs;
Fig. 5A). Selective inhibition of JNK by SP600125 at 0.25 mM
palmitate stimulation revealed further decrease in cell proliferation
(Fig. 5D), while neither mitochondrial enzyme activity nor
antioxidant capacity were affected significantly (Fig. 5D). Gene
analysis showed enhanced BCL-XL (Fig. 2A) but decreased PGC-
1a expression (Fig. 2B).
Discussion
In the present study we were interested in the effect of palmitate
on various cellular functions, on gene expression related to vital
cell properties, and the involvement of the major cytokine
signaling pathways into palmitate stimulated effects. We investi-
gated the modulation of the cytokine receptor signaling cascade
always related to palmitate stimulation and therefore we did not
evaluate the effects of inhibitors alone on naive cells, which may be
some limitation of the study regarding the analysis of cytokine
receptor induced signaling cascades proper.
Palmitate Influences Cell Vitality
Several studies have consistently demonstrated that elevated
levels of plasma FFA, such as palmitate, were found in obesity
related disorders [30]. Yet, it is unclear whether alterations in
circulation palmitate contribute to elevated urinary tract infections
[31]. Compromised voiding function was recently reported in a rat
obesity model. Since induction of diabetes type 2 in those rats did
not show significant differences to obesity alone, chronic obesity
proper may be responsible for the bladder and urethral sphincter
alterations [32]. However, plasma levels of FFA have not been
addressed in this study. Both, increased risk of abacterial bladder
inflammation and tissue dystrophy could be assigned to palmitate
mediated downregulation of cell proliferation and upregulation of
apoptosis. The primary aim of our study was to investigate the
effect of palmitate on cell proliferation, mitochondrial enzyme
activity and antioxidant capacity and secondly to analyze involved
cytokine signaling key pathways.
Inhibition of Cell Proliferation
Palmitate inhibits cell proliferation in hBSMC in time
dependent manner (Fig. 1A) and simultaneous inhibition of NF-
kB release using MG132 led to dramatic further downregulation
of cell proliferation (Fig. 1C). It is well known, that NF-kB plays a
fundamental role in cell survival and proliferation [33]. Our
previous study showed significantly enhanced translocation of
phosphorylated NF-kB into the nucleus of hBSMC when treated
with palmitate [5]. Therefore we conclude that downregulation of
cell proliferation occures despite of enhanced nuclear translocation
of pNF-kB. However, palmitate can induce cytokine expression
via NF-kB signaling as shown previously, revealing the significance
of NF-kB for palmitate signaling in hBSMC [5].
Besides TLR4 mediated NF-kB release (Fig. 5A), NF-kB can
also be activated through (PI3K) and its major downstream kinase,
AKT [34]. To evaluate the influence of PI3K we inhibited PI3K
with LY294002 and found a further significant decrease in cell
proliferation (Fig. 5C). Furthermore we found that PI3K/mTOR
regulated 4E-BP1, which in turn controls the initiation of
translation of distinct classes of mRNAs [35], after palmitate
stimulation (Fig. 2A).
Inhibition of NF-kB by the proteasome inhibitor MG132
enhanced these effects (Fig. 1C, Fig. 2A), indicating a central role
of NF-kB in controlling hBSMC growth and vital functions.
Interestingly, 4E-BP1 is able to inhibit cell cycle progression by
selectively inhibiting the translation of messenger RNAs that
encode proliferation promoting proteins [36].
Figure 2. Alterations in gene expression by Palmitate and cytokine signaling inhibitors. Regulation of genes related to cell proliferation
(A), mitochondrial enzyme activity (B) and antioxidant capacity (C) after 48 h stimulation with 0.25 mM palmitate (black column) and after
simultaneous inhibition of cytokine signaling mediators. Data are shown as mean 6 SEM; significant differences to palmitate are indicated by bars;
p,0.05.
doi:10.1371/journal.pone.0041026.g002
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Reduced cell proliferation might influence the capability of
tissue remodeling and regeneration following insults to the urinary
bladder. However, up to date data on morphological changes in
detrusor smooth muscle cells in overactive bladder and other
bladder dysfunctions are sparse. Most studies indicate alterations
of basic smooth muscle cell functions on a cellular basis, i.e. cell-
cell communication [10], cellular hypertrophy [37], and contrac-
tility [38]. However, proliferative capacity of smooth muscle cells
and/or of interstitial cells might be crucial for remodeling of the
bladder wall and diminishing this capacity might impair the ability
of the bladder to functional regenerate following inflammation
mediated insults.
Figure 3. Modulation of palmitate effects on cell proliferation, mitochondrial enzyme activity and antioxidant capacity by
inhibition of IL-6-JAK/STAT pathway. (A) Cell proliferation, mitochondrial enzyme activity and antioxidant capacity after 48 h stimulation with
0.25 mM palmitate and simultaneous inhibition of JAK/STAT signaling pathway with AG490. (B) Scheme of palmitate induced cytokine secretion via
NF-kB activation at the example of IL6 and autocrine IL6-signaling. The cytokine receptor signaling pathway can be completely blocked by AG490
which inhibits the receptor associated Janus kinase (JAK). (C) Confocal immunofluorescence for SOCS3 (orange) expression in hBSMC either medium
control (control), after palmitate stimulation (palmitate), co-staining with control-siRNA (green, arrow) and after SOCS3-siRNA incubation. Upper inset
represents negative control without primary antibody. Nuclei were stained with DAPI (blue). Lower inset represents 2-fold magnification of same
image (D) Cell proliferation, mitochondrial enzyme activity and antioxidant capacity after 48 h stimulation with 0.25 mM palmitate and previous
SOCS3 inhibition. Appropriate medium controls are depicted in Fig. 1A (48 h stimulation). Data are shown as mean and SEM from three different
cultures. Significant differences are indicated by bars. For appropriate medium controls refer to Fig. 1A (48 h stimulation).
doi:10.1371/journal.pone.0041026.g003
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Palmitate Mediated Regulation of Mitochondria and
Antioxidant Activity
In addition, our studies show that elevated palmitate levels lead
to increased mitochondrial enzyme activity and antioxidant
capacity in hBSMC (Fig. 1A). Indeed, obesity related disorders
are linked to mitochondrial dysfunction [39] and palmitate is a
potent trigger of those effects [40].
We here provide evidence that palmitate modulates protein
carbonylation and lipid peroxidation (Fig. 1B). Palmitate mediated
induction of ROS would lead to lipid peroxidation and protein
carbonylation which is counteracted by upregulation of antioxi-
dant capacity as a cellular protection mechanism. In hBSMC
enhanced antioxidant capacity is not sufficient for successful
prevention of lipid peroxidation but significantly reduces protein
carbonylation. The Literature supports evidence that carbonyla-
tion of proteins such as actin, a protein involved in cell contractility
of hBSMC, leads to drastic functional impairments [38]. Thus, in
obese patients elevated palmitate may enhance functionality of
certain proteins, e.g. smooth muscle cell actin and/or myosin,
which in turn show higher calcium sensitivity [41] and may
thereby contribute to bladder overactivity as seen associated with
type II diabetes. This putative mechanism of palmitate-mediated
effects might hold true even in other cellular systems.
Lipid peroxidation, which is known to impair lipid function, is
another major direct effect of ROS and enhanced antioxidant
capacity should prevent lipid peroxidation. However, we found
increased staining for malone dialdehyde (MDA, Fig. 1B) following
48 h of stimulation with physiological concentration of palmitate,
indicating membrane lipid peroxidation. This might well be due to
the slow lipid turnover of several days [42] compared to the fast
protein turnover rates usually within minutes to hours [43]. Due to
this difference in half-life peroxidated lipids might be still
detectable in membranes after 48 h.
For the first time our study reveals important insights, that
elevated levels of FFAs cause the increased expression of
peroxisome proliferator–activated receptor (PPAR –coactivator-1
(PGC-1) (Fig. 2B), a transcriptional activator that promotes
oxidative capacity. Several researchers have reported that
insulin-resistant states are characterized by a reduction in skeletal
muscle of PGC-1a, the transcriptional coactivator driving the
expression of many genes coding for proteins in mitochondria
[40]. Thus, overexpression of PGC-1a in cultured myoblasts
increases mitochondrial biogenesis and oxidative respiration [44].
The gene regulation of PGC-1a in hBSMC after palmitate
induction (Fig. 2B) might be partially responsible for the increased
mitochondrial activity (Fig. 1A).
Multiple intracellular pathways could be involved in the
regulation of proliferation, apoptosis induction, mitochondrial
activity and increase of antioxidant capacity. When blocking NF-
kB signaling by inhibition of proteasome degradation of
phosphorylated IkB-P during palmitate stimulation cell prolifera-
tion and antioxidant capacity was suppressed, while mitochondrial
activity was not affected (Fig. 1c, Fig. 2). However, we found
significant inhibition of gene expression in several genes again
demonstrating the independence of gene regulation and protein
expression [45].
Palmitate Stimulates Cytokine Production and Release
In our previous studies, the free fatty acid palmitate induced
time and concentration dependent IL-6 release in hBSMC,
followed by autocrine and paracrine regulation of the IL6
pathway [5]. In the present study we provide further evidence
for the involvement of JAK/STAT cytokine receptor pathway in
palmitate-mediated effects (Fig. 3).
Studies investigating cytokine signaling in human bladder
smooth muscle cells are rare; most studies have investigated
cytokine induced IL-6 release by hBSMC [12]. To our best
knowledge this is the first study targeting the downstream cytokine
receptor signaling pathways of MEK1, PI3K and JNK and
regulated genes involved in cell proliferation. These, the major
pathways can be activated by a large variety of other factors,
Figure 4. Suppression of SOCS3 on mRNA and protein level. (A) Inhibition of SOCS3 mRNA expression (black column) after 24 h incubation
with SOCS3 siRNA in relation to reference gene h36B4. (B) Inhibition of SOCS3 protein expression (black column) after 24 h incubation with SOCS3
siRNA analyzed via Dot Blot after SOCS3 inhibition. Immunoreactivity of SOCS3 protein (inset) was related to total protein content stained with
SYPRO-Ruby. Data are shown as mean and SEM from three different cultures. Significant differences are indicated by bars.
doi:10.1371/journal.pone.0041026.g004
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including growth factors [46], chemokines [7,12], and survival
factors [19].
Previously, we could show IL-6 release after palmitate
stimulation (Fig. S2). The IL-6 induced autocrine and paracrine
activation of JAK/STAT3 pathway results in intracellular
signaling starting with phosphorylation of STAT3 (pSTAT3)
[19]. Inhibition of NF-kB by MG 132 can downregulate this
autocrine signaling indirectly (Fig. S3).
Direct cytokine signaling can be analyzed either by inhibition of
the JAK/STAT3 inhibitor SOCS3 [47] (Fig. 4) leading to increase
of phosphorylated STAT3 translocation into the nucleus (Fig. S3)
[5] or by inhibition of the JAK/STAT3 complex via AG490
(Fig. 3B) [48]. Blocking SOCS3 expression by SOCS3 siRNA
followed by 48 h of simulation with 0.25 mM palmitate signifi-
cantly increased cell proliferation and augmented bladder smooth
muscle antioxidant capacity (Fig. 2B). Consequently, the inhibition
of the JAK/STAT pathway by AG490 caused down-regulation of
cell proliferation (Fig. 3A) as described in various other studies
[48,49].
Palmitate Related Cytokine Receptor Downstream
Pathways
To identify the regulation of cell proliferation downstream
JAK/STAT we inhibited MEK1 by PD98059, JNK by SP600125
and PI3K by LY294002 (Fig. 5). Both PI3K and JNK seem to be
responsible for the observed down-regulation of cell proliferation
by inhibition of JAK/STAT pathway by AG490.
In our experiments the eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1) was down-regulated by inhibition
of PI3K (Fig. 2A). PI3K/AKT provides an indirect negative
control of 4E-BP1 phosphorylation by inhibition of mTOR
activation, leading to increased protein synthesis by decreased
4E-BP1 binding to the translation initiation site [36]. 4E-BP1
regulates proteins involved in cell proliferation and cell cycle
Figure 5. Palmitate effect on cell proliferation, mitochondrial enzyme activity and antioxidant capacity by selective inhibition of
major downstream cytokine-receptor signaling pathways. (A) Sketch summarizing literature and own data [5] to illustrate complex
downstream regulation of cytokine-receptor signaling cascade via MAP/ERK kinase (MEK1), phosphatidylinositol 3-kinase (PI3K) and c-Jun N-terminal
kinase (JNK); e.g. the cytokine IL-6 is upregulated and secreted by palmitate in cultured detrusor myocytes (Fig. S2); (B–D) Cell proliferation,
mitochondrial enzyme activity and antioxidant capacity of hBSMC after 48 h stimulation with 0.25 mM palmitate and inhibition of MEK1 pathway
with PD98059 (B), PI3K pathway with LY294002 (C) and of JNK pathway with SP600125 (D). Data are shown as mean and SEM from three different
cultures. Significant differences are indicated by bars. For appropriate medium controls refer to Fig.1A (48h stimulation).
doi:10.1371/journal.pone.0041026.g005
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progression and 4E-BP1 downregulation may therefore account
for the observed decrease in cell proliferation [36].
Furthermore, inhibition of JNK leads to increased BCL-XL
gene transcription (Fig. 2A) a gene, which inhibits cytochrome c
release and downstream caspase 9 related apoptosis [50].
Palmitate is able to induce apoptosis [51]. Other authors provide
compelling evidence that the JNK pathway is responsible for BCL-
2 phosphorylation and therefore can directly regulate the cell
proliferation [52]. We found no mRNA regulation of BCL-2 (data
not shown) by palmitate stimulation or by inhibition of cytokine
related pathways. Under all these conditions, inhibiting of JAK/
STAT3, PI3K and JNK decreased cell proliferation (Fig. 5C and
D).
Since those pathways are especially activated by IL-6, it seems
that this cytokine may have an overall beneficial effect in case of
cell deterioration. Other cytokines may, however, show divergent
effects, depending on the degree of their activation of certain
downstream pathways.
Conclusions
Our study indicates that high levels of the saturated free fatty
acid palmitate induce down regulation of cell proliferation through
NF-kB and the formation of reactive intermediates leading to
programmed cell death. Fatty acid-induced mitochondrial and
antioxidant activity may contribute to human bladder disorders
related to obesity. Additionally, palmitate-mediated production of
ROS may cause significant cellular dysfunction that could
contribute to the pathogenesis of those diseases without massive
tissue reorganization due to programmed cell death. Cytokine
signaling is involved in the process of cell proliferation and
regulation of genes related to mitochondrial and antioxidant
activity. Our findings suggest that metabolic and endocrine status
is an important factor for the pathogenesis of bladder dysfunction.
Pharmacologic approaches targeting and aiming to restore
cytokine network in the bladder could be a novel therapeutic
option.
Supporting Information
Figure S1 Palmitate effect on cell proliferation. Phase
contrast images of cultured hBSMC after 24 h and 48 h
stimulation with 0.25 mM palmitate. Inset represents 2 fold
magnification showing cellular alterations by 48 h stimulation with
0.25 mM palmitate: membrane blabbing (arrows) and detaching
of cells (arrowheads).
(TIF)
Figure S2 Alteration in IL-6 secretion of hBSMC.
Cultured hBSMC were pre-incubated 1 h with cytokine signaling
pathway inhibitors (MG132, AG490, PD98059, LY294002 and
SP600125) and following stimulated 48 h with 0.25 mM palmitate
(black column). IL-6 secretion was measured using ELISA and
data are shown as mean + SEM from three different cultures.
Significant differences related to palmitate are indicated by bars.
(TIF)
Figure S3 Palmitate influence pSTAT3 expression.
Confocal immunofluorescence of pSTAT3 (green) in cultured
hBSMC after 48 h stimulation with 0.25 mM palmitate and
palmitate plus NF-kB inhibitor MG132. Nuclei were stained with
DAPI (blue). The inset represents negative staining control without
using primary antibody against pSTAT3.
(TIF)
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Figure S1: Palmitate effect on cell proliferation. Phase contrast images of cultured 
hBSMC after 24 h and 48 h stimulation with 0.25 mM palmitate. Inset represents 2 fold 
magnification showing cellular alterations by 48 h stimulation with 0.25 mM palmitate: 








Figure S2: Alteration in IL-6 secretion of hBSMC. Cultured hBSMC were pre-
incubated 1 h with cytokine signaling pathway inhibitors (MG132, AG490, PD98059, 
LY294002 and SP600125) and following stimulated 48 h with 0.25 mM palmitate 
(black column). IL-6 secretion was measured using ELISA and data are shown as mean 
+ SEM from three different cultures. Significant differences related to palmitate are 
indicated by bars. 
 
 
Figure S3: Palmitate influence pSTAT3 expression. Confocal immune-fluorescence of 
pSTAT3 (green) in cultured hBSMC after 48 h stimulation with 0.25 mM palmitate and 
palmitate plus NF-κB inhibitor MG132. Nuclei were stained with DAPI (blue). The 






5.1.4.2 Palmitat-induzierte Zytokinexpression der Harnblasenmuskulatur 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 81-92):  
Oberbach A, Schlichting N, Blüher M, Kovacs P, Till H, Stolzenburg JU, Neuhaus J. 
Palmitate induced IL-6 and MCP-1 expression in human bladder smooth muscle cells 
provides a link between diabetes and urinary tract infections.  
PLoS One. 2010 May 28; 5(5): e10882. 
 
Einleitung und wissenschaftlicher Hintergrund: Die Adipozytokinexpression im 
Serum ist in Patienten mit Übergewicht und T2DM signifikant erhöht. Auch 
Harnblasendysfunktion geht einher mit erhöhten Expressionsmuster von Zytokinen wie 
IL-6 und MCP-1. Die gesättigte C16-Fettsäure Palmitat kann in verschiedenen 
Geweben die Expression dieser Zytokine regulieren. In der vorliegenden In-vitro-Studie 
wurde der Einfluss von Palmitat auf die Detrusormyozyten im Hinblick auf die 
Zytokinexpression und deren Rezeptorregulation eruiert. Um die zelluläre Reaktion der 
Detrusormyozyten im Hinblick auf den Grad der Expression abschätzen zu können, 
wurden parallele Untersuchungen unter Stimulation mit Lipopolysaccharid (LPS) 
realisiert. 
Methoden: Die Detrusormyozyten wurden nach bioptischer Entnahme von Patienten 
mit elektiver Zystektomie bei bestehendem Blasenkarzinom isoliert und bis zu einer 
Konfluenz von mindestens 80% als Primärkultur angezüchtet. Die Stimulation der 
Zellkulturen mit Palmitat (0.25µM) und LPS (1µg/ml) geschah in 
Zeitreihenexperimenten. Die Quantifizierung der Expression bzw. Sekretion von IL-6, 
dem IL-6-Rezeptor gp80/gp80soluble, gp130, MCP-1, den intrazellulären 
Signalmolekülen STAT3, SOCS3, NF-kB und SHP2 erfolgte via quantitativer PCR, 
ELISA, Western Blot und konfokaler Laser-Scanning-Mikroskopie. 
Ergebnisse: Im Wesentlichen zeigen die Experimente, dass Palmitat eine stärkere 
Stimulanz für die Expression und nachfolgende Sekretion von IL-6 darstellt im 
Vergleich zu LPS. Der Transkriptionsfaktor NF-kB ist ein entscheidender Vermittler in 
der Expressionsregulation von IL-6 unter Stimulation mit Palmitat. Die Expression des 
löslichen Rezeptors der IL-6 Signalkaskade (gp80soluble) wird unter Palmitat und LPS 
heruntergeregelt, während der membrangebundene Anteil sich moderat erhöhte. Als 
besonders bemerkenswert stellt sich der Fakt heraus, dass IL-6 nach Stimulation 




Schlussfolgerungen: Detrusormyozyten zeigen auf eine bakterielle Infektion (LPS) 
eine geringere zelluläre Reaktionen hinsichtlich der Zytokinexpression von IL-6 bzw. 
MCP-1 gegenüber einer metabolischen Stimulation mit Palmitat. Diese Ergebnisse 
intensivieren die Hypothese, dass ein pathologisch veränderter Fettstoffwechsel, wie 
unter Adipositas beschrieben, eine deutliche immunologisch entzündliche Reaktion im 
Harnblasengewebe hervorrufen kann. Hierbei reagieren die Detrusormyozyten als 
Verstärker und Vermittler immunologischer Prozesse im Sinne der Expression und 
Sekretion von proinflammatorischen Zytokinen wie IL-6 und MCP-1.  
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Abstract
Background: Urinary tract infections (UTI) are more frequent in type-2 diabetes mellitus patients than in subjects with
normal glucose metabolism. The mechanisms underlying this higher prevalence of UTI are unknown. However, cytokine
levels are altered in diabetic patients and may thus contribute to the development of UTI. Increased levels of free fatty acids
(FFA), as observed in obese patients, can induce IL-6 production in various cell types. Therefore we studied the effects of
the free fatty acid palmitate and bacterial lipopolysaccharide (LPS) on interleukin-6 (IL-6) and monocyte chemotactic
protein-1 (MCP-1) expression and secretion in cultured human bladder smooth muscle cells (hBSMC).
Methodology/Principal Findings: Biopsies were taken from patients undergoing cystectomy due to bladder cancer.
Palmitate or LPS stimulated hBSMC were analysed for the production and secretion of the IL-6, gp80, gp80soluble, gp130,
MCP-1, pSTAT3, SOCS3, NF-kB and SHP2 by quantitative PCR, ELISA, Western blotting, and confocal immunofluorescence. In
signal transduction inhibition experiments we evaluated the involvement of NF-kB and MEK1 in IL-6 and MCP-1 regulation.
Palmitate upregulates IL-6 mRNA expression and secretion via NF-kB dependent pathways in a concentration- and time-
dependent manner. MCP-1 was moderately upregulated by palmitate but was strongly upregulated by LPS involving NF-kB
and MEK1 dependent pathways. Soluble IL-6 receptor (gp80soluble) was downregulated by palmitate and LPS, while
membrane-bound gp80 was moderately upregulated. LPS increased SOCS3 and SHP2, whereas palmitate only induced
SOCS3. Secondary finding: most of the IL-6 is secreted.
Conclusions/Significance: Bacterial infection (LPS) or metabolic alterations (palmitate) have distinct effects on IL-6
expression in hBSMC, (i) short term LPS induced autocrine JAK/STAT signaling and (ii) long-term endocrine regulation of IL-6
by palmitate. Induction of IL-6 in human bladder smooth muscle cells by fatty acids may represent a pathogenetic factor
underlying the higher frequency and persistence of urinary tract infections in patients with metabolic diseases.
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Introduction
Urinary tract infections (UTI) are more frequent in patients with
diabetes mellitus than in subjects with normal glucose metabolism
and take a more severe course [1,2]. Women with diabetes require
longer and more aggressive antimicrobial treatment for UTI, and
have more recurrences of their UTI than non-diabetic women. The
hospitalization due to complications of the UTI occurs significantly
more often in women with diabetes [3]. Urine cytokine levels and an
increased adherence of the microorganisms to the uroepithelial cells
seem to be the main predictors of increased prevalence of both
asymptomatic and symptomatic bacteriuria in diabetic patients [4].
Whereas some authors suggest glucosuria as diabetes-specific variable
potentially associated with symptomatic infection [5], no association
between bacteriuria and indicators of glycemic control, such as the
blood glucose level and the glycosylated hemoglobin value, have been
found by others [6]. In addition to chronic hyperglycemia, altered
fatty acid metabolism belongs to the metabolic alterations associated
with type-2 diabetes [7]. However, it is not known whether alterations
in circulating free fatty acids (FFA) may contribute to the increased
UTI frequency in patients with diabetes.
Bacterial UTI lead to upregulation of cytokines and growth
factors and recruitment of inflammatory cells by LPS [8,9]. IL-6
was shown to be the single most prominent cytokine detected in
the urine patients with UTI [10]. Low-grade chronic inflammation
is reflected by a 2–3-fold increase in the systemic levels of certain
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cytokines [11] as well as C-reactive protein (CRP), and an
association has been confirmed between low-grade systemic
inflammation and type-2 diabetes [12].
There is growing evidence that increased levels of FFA can induce
IL-6 production in various cell types, and might therefore be involved
in the pathophysiology of UTI [13–15]. Elevated FFAs in obese
patients may provide a mechanistic link between increased fat mass
and the development of insulin resistance, glucose intolerance, and
beta-cell dysfunction that promote the onset of diabetes [7,16].
Palmitate induced accumulation of IL-6 is regulated dependently of
c-Jun N-terminal kinase in 3T3-L1 adipocytes [17], but is regulated
via NF-kB in myotubes [13], pointing to the existence of potential
tissue/cell specific regulatory mechanisms in inflammation. In
addition, palmitate could regulate monocyte chemotactic protein-1
(MCP-1) expression in adipose tissue [18], human vascular umbilical
vein cells (HUVEC) and rat vascular smooth muscle cells [19].
Figure 1. Palmitate effects on IL-6 and MCP-1 mRNA and protein levels. Time- and concentration- dependent regulation of IL-6 and MCP-1 protein
(A, C) and mRNA (B, D). IL-6 protein content (A) was measured in cytosol (white bars, ng/mg) and supernatant (black bars, ng/ml), while MCP-1 protein was
measured exclusively in supernatant (C, ng/ml). All bars indicate difference to medium control. For each measurement a medium treated control was used.
Data are shown as mean and SEM. Significant differences are indicated by lines. mRNA (B, D) was normalized to natural logarithm LN.
doi:10.1371/journal.pone.0010882.g001
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The aim of the present study was to investigate IL-6 and MCP-1
regulation in hBSMC by acute bacterial infection (LPS stimula-
tion) and metabolic alterations (palmitate) as potential risk factor
for chronic bladder inflammation.
Results
Treatment of hBSMC with FFA palmitate (up to 48 hrs)
resulted in significantly increased IL-6 protein concentrations in
the supernatant, but not in the cytosol (Fig. 1A) A similar pattern
was observed for palmitate stimulated IL-6 mRNA expression
(Fig. 1B). Increased IL-6 secretion into the medium was dependent
on palmitate concentration and time.
In contrast, stimulation with LPS led to IL-6 protein upregulation
in the supernatant while levels decreased with time in the cytosol
(Fig. 2A). There was no concentration- dependent regulation of IL-6
mRNA (Fig. 2B). In addition total IL-6 expression was only about
25% of IL-6 protein produced upon palmitate stimulation (Fig. 2A).
While MCP-1 showed similar regulation of the mRNA (Fig. 1D),
this concentration- and time-dependent upregulation was not
Figure 2. LPS effects on IL-6 and MCP-1 mRNA and protein levels. Time- and concentration- dependent regulation of IL-6 and MCP-1 protein
(A, C) and mRNA (B, D). IL-6 protein content (A) was measured in cytosol (white bars, ng/mg) and supernatant (black bars, ng/ml), while MCP-1 protein
was measured exclusively in supernatant (C, ng/ml). All bars indicate difference to medium control. For each measurement a medium treated control
was used. Data are shown as mean and SEM. Significant differences are indicated by lines. Post-hoc Bonferroni test was used after ANOVA.
Significance level was p,0.05. mRNA (B, D) was normalized to natural logarithm LN.
doi:10.1371/journal.pone.0010882.g002
Palmitate Effect on Detrusor
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reflected by MCP-1 protein content. Protein expression was
constant over 48 hrs and was highest at low palmitate concentra-
tion (Fig. 1C). Upon LPS stimulation the MCP-1 protein in the
supernatant and in the cytosol decreased time- and concentration-
dependent (Fig. 2C). MCP-1 mRNA showed a comparable
downregulation with time but only moderate decrease with
increasing concentrations of LPS (Fig. 2D).
We found a transient upregulation of the mRNA of IL-6
receptor protein gp80 and its soluble form gp80 soluble (Fig. 3A).
After 16 hrs of incubation the gp80 mRNA was still high while the
mRNA of gp80soluble was significantly downregulated. This
opposite regulatory effect on mRNA levels was most prominent
with low palmitate concentration (0.125 mM) but was still present
at higher concentrations (Fig. 3A). Gp80 protein was significantly
downregulated as early as after 8 hrs incubation lasting up to
24 hrs. However, after 48 hrs incubation with 0.25 mM palmitate
the effect was reversed. This high level expression of gp80 was
concentration-independent (Fig. 3B).
The effects of LPS stimulation on gp80 and gp80soluble mRNA
are comparable to palmitate induced regulation (Fig. 4A,
C), except for a significant initial upregulation of gp80 and
gp80 soluble after 8 hrs. After 48 hrs there was an opposite
regulation of cytosolic gp80 protein, which was increased by
palmitate (0.25 mM) but decreased by LPS (1 mg/ml). Prominent
downregulation of pSTAT3 protein was evident in LPS
stimulated cells on a short time scale up to 6 hrs (Fig. 4B),
whereas there was an upregulation of pSTAT3 protein after 8 hrs
of palmitate stimulation (Fig. 3B).
The membrane IL-6 receptor protein gp130 showed only
moderate mRNA upregulation (Fig. 3C). Both, STAT3 mRNA
and protein were significantly downregulated after 24 hrs
incubation with 0.25 mM palmitate, which was the most effective
concentration at 48 hrs, too (Fig. 3B, C). Confocal imaging
revealed perinuclear enrichment of pSTAT3 after 48 hrs stimu-
lation with 1 mg/ml LPS (Fig. 5A2) and even more prominent with
0.25 mM palmitate (Fig. 5A3).
SOCS3, SHP2
Since SOCS3 and SHP2 are important regulators of IL-6
signaling pathways, we further examined their regulation by
palmitate and LPS. SOCS3 mRNA and SOCS3 protein
increased after 48 hrs of palmitate treatment (Fig. 6A, B).
SHP2 mRNA and SHP2 protein levels decreased (Fig. 6C, D).
Interestingly, LPS caused upregulation of SOCS3 mRNA in the
first 6 hrs of treatment, but levels returned to baseline level after
48 hrs, while SOCS protein content was highest after 48 hrs
(Fig. 6E, F). SHP2 mRNA and protein levels were unaltered
after LPS treatment (Fig. 6G, H). These findings were
confirmed by confocal immunofluorescence. We found highest
immunoreactivity for pSTAT3, SOCS3, and SHP2 after
palmitate treatment, while the changes were only moderate in
LPS treated cultures (Fig. 5).
NF-kB p65 regulation and activation
NF-kB p65 is the main transcription factor regulating IL-6 gene
expression [20]. We found concentration- and time-dependent
downregulation of the NF-kB p65 mRNA (Fig. S1A, B) and pNF-
kB p65 protein (Fig. 7A, B). This was in striking contrast to the
effect of LPS, which led to concentration-dependent upregulation
of both, NF-kB p65 mRNA (Fig. S1B) and pNF-kB p65 protein
(Fig. 7B).
In double confocal immunofluorecence experiments we found
time-dependent translocation of NF-kB p65 into the nuclei as
evidence of NF-kB activation after 48 hrs of LPS (1 mg/ml) and
palmitate (0.25 mM) stimulation. We found more NF-kB p65 in
nuclei of palmitate stimulated cells than after LPS stimulation. To
quantify this translocation we performed dot blot analysis using a
specific antibody against phosphorylated (Ser536) activated NF-kB
p65. Basic ratio was 2.760.66 (mean6SD) in medium control and
moderate higher in LPS stimulated cells (3.560.92), while the ratio
was significant higher after 48 h of palmitate stimulation
(5.761.1).
Pathway analysis by inhibition of NF-kB (MG132) or MEK1
(PD98059) showed that IL-6 was regulated via NF-kB, but not via
MEK1, whereas MCP-1 was regulated via NF-kB and MEK1
dependent pathways (Fig. 7D, E).
Discussion
Here we studied the effects of palmitate and LPS on human
bladder smooth muscle cells with the aim to elucidate potential
novel mechanisms underlying the observation that urinary tract
infections are more frequent in patients with diabetes mellitus
and take a more severe course [1,2]. Defects in the local urinary
cytokine secretions and an increased adherence of pathogenic
microorganisms to the uroepithelial cells have been discussed as
mechanisms for increased prevalence of UTI in patients with
diabetes [4]. In a proteom study Yohannes et al. [21] found
significant alterations in rat detrusor muscle after streptozoto-
cin-induced diabetes, suggesting that diabetes depending
bladder dysfunction may involve dysregulation of structural
cell integrity, cell adhesion, proliferation and inflammation
[21].
It is well known that during acute infection LPS triggers
intracellular signaling cascades via Toll-like receptor TLR4 that
rapidly induce inflammatory cytokines that initiate a variety of
overlapping immune responses [22].
However, fatty acids and their metabolites act also directly and
indirectly to regulate metabolism and immune function through
their interactions with specific enzymes [23]. Exaggerated and
prolonged postprandial hyperlipidemia is an important character-
istic of diabetic dyslipidemia [7,24].
In the present study we report that palmitate treated human
bladder smooth muscle cells (hBSMC) are a source of MCP-1 and
IL-6. We used specific inhibitors to interfere with the signaling
cascade. We found regulation of IL-6 via NF-kB, which is in line
with the regulation of IL-6 by palmitate stimulation in human
skeletal muscle cells as reported earlier [13].
Unexpectly, pNF-kB p65 protein content was significantly
lower in palmitate stimulated cells as compared to medium control
(Fig. 7A). This finding needs further investigation, since on the
other hand we found short-term upregulation of pNF-kB p65 by
LPS (Fig. 7B). One might suggest that the palmitate stimulus is
much stronger than LPS and might therefore lead to increased
protein turn-over.
MCP-1 also showed NF-kB dependent regulation as recently
reported for IL1b stimulated human aorta smooth muscle cells
Figure 3. Palmitate effects on the expression of IL-6 receptor subunit gp80, gp80soluble, gp130 and pSTAT3. (A) Membrane gp80
receptor mRNA (white bars), soluble gp80 mRNA (black bars). (B) Protein expression of gp80 (white bars) and pSTAT3 (black bars) was measured by
ELISA, and membrane gp130 receptor was analysed by Western blot. (C) Gp130 mRNA (white bars), STAT3 mRNA (black bars). Data are shown as
mean and SEM. mRNA was normalized to natural logarithm LN.
doi:10.1371/journal.pone.0010882.g003
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[25]. However, MCP-1 was downregulated by MEK1 inhibitor
(PD98059) in hBSMC, indicating regulation via MEK1 pathway
in contrast to IL-6. It is well known that MCP-1 promotes
migration of monocytes [26] and this mechanism has also been
proposed for bladder inflammation [27]. MCP-1 is also related to
insulin resistance and the risk of metabolic syndrome [28].
In hBSMC we found higher secretion of MCP-1 after LPS than
after palmitate stimulation. In contrast IL-6 secretion was much
Figure 4. LPS effects on the expression of IL-6 receptor subunit gp80, gp80soluble, gp130 and pSTAT3. (A) Membrane gp80 receptor
mRNA (white bars), soluble gp80 mRNA (black bars). (B) Protein expression of gp80 (white bars) and pSTAT3 (black bars) was measured by ELISA, and
membrane gp130 receptor was analysed by Western blotting. (C) Gp130 mRNA (white bars), STAT3 mRNA (black bars). Data are shown as mean and
SEM. mRNA was normalized to natural logarithm LN.
doi:10.1371/journal.pone.0010882.g004
Figure 5. Confocal immunofluorescence of cultures treated for 48 hrs with 1 mg/ml LPS or 0.25 mM palmitate. (A1–C1) Medium
control; (A2–C2) LPS treated; (A3–C3) palmitate treated. Cells were double labelled for pSTAT3 (green) and SOCS3 (orange). Monoclonal SHP2 (red)
antibody was used in single labelling experiments. Nuclei were stained with DAPI (blue) recorded with standard fluorescence and merged into the
confocal images. The scale bar in B3 applies to all images except the insets, which have been enlarged two times.
doi:10.1371/journal.pone.0010882.g005
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higher in palmitate stimulated cells than after LPS treatment
(Fig. 1, Fig. 2). To the best knowledge of the authors this is the first
study to show that the vast amount of palmitate stimulated IL-6 is
secreted. Only basic cytosolic amounts are detectable (Fig. 1). This
supports the view that the human bladder smooth muscle cells are
involved in immunological processes and may have endocrine
function. To examine possible regulatory function of IL-6 onto
bladder smooth muscle cells we studied the IL-6 receptor pathway
in hBSMC.
The IL-6 signaling cascade depends on the common cytokine
receptor family gp130 subunit and the IL-6 receptor specific gp80
subunit forming a hexameric receptor-IL-6 complex. Gp80 exists
in a membrane-bound and soluble form, produced as alternative
splice variant [29]. For long-term autocrine stimulation by IL-6
the whole receptor complex is needed. We could show, that gp80
mRNA and protein were time-dependent down-regulated by both,
palmitate and LSP (Fig. 3, 4). This implies preferential exocrine
cytokine signaling by BSMC.
We found short term upregulation of pSTAT3 in LPS and
palmitate stimulated cells, but long term downregulation of
pSTAT3 (Fig. 3, 4) in conjunction with upregulation of SOCS3
(Fig. 5), which implies negative feedback to IL-6 signaling as
reported by Croker et al. [30]. Hence it is evident that both,
LSP and palmitate also induced short-term autocrine regulation
of IL-6 receptor pathway. However, conditional knockout
studies have shown that SOCS3 depletion can induce a number
of inflammatory and metabolic disorders [30]. Therefore,
upregulation of SOCS3 could be a protection mechanism
for the hBSMC to cope with chronically elevated IL-6. At
present it is not known which genes are regulated by pSTAT3 in
hBSMC.
In conclusion, there is a short-term autocrine IL-6 signaling of
BSMC, but a long-term exocrine IL-6 signaling providing cytokine
stimulation to local or invading cells equipped with the IL-6
receptor complex.
Our study provides evidence for the urinary bladder smooth
muscle cells being an immunologically active tissue, which can be
triggered by inflammatory conditions, but which is especially
sensitive to metabolic alterations as provoked by the saturated FFA
palmitate. In the light of our findings, chronically elevated FFA
could well be a risk factor for urinary infections and idiopathic
bladder inflammation in diabetes.
Materials and Methods
Cell Culture
Human bladder smooth muscle cell (hBSMC) cultures were
established from human detrusor muscle after radical cystectomy
of tumour patients. Written informed consent was obtained from
all patients. The study was approved by the ethics committee of
the University of Leipzig (Reg.No. 773). Cells were grown in SMC
Growth Medium 2 (PromoCell, Heidelberg, Germany) and
subcultured up to the forth passage (P4). At 80% confluence cells
were treated with palmitate or with LPS. Palmitate was used in
combination with 2% bovine serum albumin (BSA) as carrier of
free fatty acids. Medium treated cells were used as control. For
pathway analyses, cells were preincubated for 1 h with 20 mM
PD98059 (Map Kinase Kinase/Erk Kinase 1 inhibitor) or 40 mM
MG123 (proteasome inhibitor; Calbiochem, San Diego, USA). If
not indicated otherwise all chemicals were from Sigma-Aldrich,
Steinheim, Germany.
RNA Extraction and Real Time PCR
Total RNA was isolated with RNeasy Mini kit (Qiagen, Hilden,
Germany). Quantitative PCR was performed with the ABI 7500
Real Time PCR Instrument (Applied Biosystems, Foster, USA)
using the Brilliant SYBR Green QPCR Core Reagent kit
(Stratagene, La Jolla, USA) and custom primers (MWG-Biotech,
Ebersberg, Germany; Table 1). Human 36B4 (acidic ribosomal
phosphoprotein P0) served as internal standard.
Western Blotting
Cells were washed with PBS and scrapped off in 16 lyses
buffer (Cell Signaling, Danvers, USA) supplemented with 1 mM
PMSF and 1/100 volume protease inhibitor cocktail (Sigma-
Aldrich). After sonication, the cell extracts were cleared by
centrifugation. 75 mg of total protein were separated by sodium
dodecyl sulfate polyacrylamide (10%) gel electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membrane by
tank blotting (Mini-PROTEAN II; BioRad, Munich, Germany).
Blots were incubated with primary antibodies for 2 h at
room temperature or over night at 4uC. Detection and
visulization was done with horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG (1:1000) for 1 h at room
temperature and DAB (FAST 3,39-diaminobenzidine tablets)
as a substrate.
Dot Blot Analysis
Nuclear and cytosolic extracts were prepared according to
Yerneni et al. 1999 [31]. 2 mg total protein of nuclear or cytosolic
extracts were transferred in duplicates on nitrocellulose membrane
by Dot Blotting (Dot Blot 96 System, Biometra, Goettingen,
Germany). After blocking with Odyssee blocking buffer (Licor
Biosciences, Bad Homburg, Germany) for 1 h the membranes
were incubated with anti-Phospho-NF-kB p65 (Ser536) rabbit IgG
(1:1000; Cell Signaling, Danvers, USA) over night at 4uC.
Detection was done with anti-rabbit IRDye 680 (1:5000; Licor
Biosciences) for 2 h. Membranes were scanned with Odyssey
Infrared Imager and evaluated by Odyssey Infrared Imaging
Software 3.0 (Licor Biosciences). Total protein was visualized by
SYPRO Ruby blot stain (BioRad).
Enzyme-linked Immunosorbent Assay (ELISA)
Intracellular and secreted IL-6 was quantified by Quantikine
human IL-6 immunoassay (R&D Systems, Minneapolis, MN). Cell
extracts were diluted 1:10 with calibrator diluent. IL-6 in cell
culture supernatants were measured after being centrifuged in
1:100 diluted samples. IL-6 receptor (gp80) and activated
transcription factors (NF-kB, pSTAT3) were determined in
undiluted cell extracts by Quantikine human IL-6 sR immuno-
assay (R&D Systems) and by PathScan Phospho-NF-kB p65 (pNF-
kB; Ser536) and PathScan Phospho-STAT3 (pSTAT3; Tyr705)
Sandwich ELISA (Cell Signaling). MCP-1 was measured in cell
culture supernatants and cell extracts by Quantikine human
CCL2/MCP-1 immunoassay (R&D Systems). For quantification
Figure 6. Palmitate and LPS effects on SOCS3 and SHP2. Time- and concentration- dependent palmitate effects on SOCS3 mRNA (A), SHP2
mRNA (C), SOCS3 protein expression (B), and SHP2 protein expression (D). LPS effects on SOCS3 mRNA (E), SHP2 mRNA (F), SOCS3 protein expression
(G), and SHP2 protein expression (H). Protein content was analysed in the cytosol using Western blotting analysis. All bars indicate difference to
medium control. For each measurement a medium treated control was used. Data are shown as mean and SEM. Significant differences are indicated
by lines. mRNA was normalized to natural logarithm LN.
doi:10.1371/journal.pone.0010882.g006
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Figure 7. Gene regulation and pathway analysis. Time- and concentration-dependent palmitate and LPS effects on pNF-kB protein expression
(A, B). Protein content of pNF-kB was measured in cytosol (A, black bars) and is indicated as difference to medium control (AU in pg/mg) by ELISA. All
bars indicate difference to medium control (A, B). For each measurement a medium treated control was used. Confocal double immunofluorescence
images demonstrate nuclear translocation of NF-kB (green) and IL-6 (red). Nuclei are depicted by DAPI (blue). Dot blot analysis of phosphorylated NF-
kB are shown as ratio of nuclear pNF-kB protein content to cytosolic pNF-kB protein content related to total protein content. Cells were stimulated
for 48 h either with 0.25 mM palmitate or with 1 mg/ml LPS (C). Pathway analysis of palmitate induced IL-6 (D) and MCP-1 (E) regulation. Protein
content was measured by ELISA in supernatants (ng/ml). Cells were stimulated with palmitate (0.5 mM) and inhibitor of proteasomal degradation of
NF-kB (MG132, 40 mM) or MEK1 (PD98059, 20 mM) for 48 hrs. Medium control is indicated as black bar (D, E). Data are shown as mean and SEM.
Significant differences are indicated by lines.
doi:10.1371/journal.pone.0010882.g007
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the cell culture supernatants were diluted 2 fold and the cell
extracts 5 fold with calibration buffer.
Immunocytochemistry
Cells cultured on cover slips were fixed in 4% buffered
paraformaldehyde and incubated overnight at 4uC with primary
antibodies (Table 2). Indirect immunofluorescence was performed
with secondary antibodies conjugated with Alexa Fluor 488, Alexa
Fluor 555 or Alexa Fluor 633 fluorescent dye (1:500; Invitrogen,
Karlsruhe, Germany). Cell nuclei were stained with 49,6-
diamidino-2-phenylindoldihydro-chloride (DAPI). The cells were
analysed at a confocal laser scanning microscope LSM-5 Pascal
(Carl Zeiss, Jena, Germany).
Statistical Analysis
Complete data analysis was performed using Prism 5.0
(GraphPad Software, La Jolla, USA) statistical software. The data
are presented as the mean +/2 SEM from at least three
independent experiments. Statistical differences were analyzed by
ANOVA. A p-value ,0.05 was considered statistically significant.
Table 1. List of primer pairs used for quantitative PCR.
primer sequence 59R39 product length (bp) binding site
IL-6 forward GGT ACA TCC TCG ACG GCA TCT 81 exon 2
IL-6 reverse GTG CCT CTT TGC TGC TTT CAC exon 3
gp80 forward GGG GGA AGC ACC ATA ACT TT 232 exon 10
gp80 reverse ATC TGG GAC TTC AGG CAC AC exon 10
soluble gp80 forward CTC CCA GGT TCA AGA AGA CG 183 exon 8/10
soluble gp80 reverse TGT GGC TCG AGG TAT TGT CA exon 10
gp130 forward TGT AGA TGG CGG TGA TGG TA 246 exon 17
gp130 reverse CCC TCA GTA CCT GGA CCA AA exon 17
STAT3 forward TGT GCG TAT GGG AAC ACC TA 170 exon 24
STAT3 reverse AGA AGG TCG TCT CCC CCT TA exon 24
SOCS1 forward CTG GGA TGC CGT GTT ATT TT 245 exon 2
SOCS1 reverse TAG GAG GTG CGA GTT CAG GT exon 2
SOCS3 forward TGG TCA GCT GGT CTC CTT TT 231 exon 2
SOCS3 reverse CCC ATC CAG GCT GAG TAT GT exon 2
SH-P2 forward TGG CCA GAC AGA AGC ACA G 165 exon 3
SH-P2 reverse GGC TCT GAT CTC CAC TCG TC exon 3
NF-kB p50 forward ACA AAT GGG CTA CAC CGA AG 238 exon 23
NF-kB p50 reverse ATG GGG CAT TTT GTT GAG AG exon 24
NF-kB p65 forward CCT GGA GCA GGC TAT CAG TC 213 exon 5
NF-kB p65 reverse ATC TTG AGC TCG GCA GTG TT exon 7
MCP1 forward CCC CAG TCA CCT GCT GTT AT 171 exon 2
MCP1 reverse TGG AAT CCT GAA CCC ACT TC exon 3
h36B4 forward AAC ATG CTC AAC ATC TCC CC 397 exon 6
h36B4 reverse CCG ACT CCT CCG ACT CTT C exon 8
doi:10.1371/journal.pone.0010882.t001
Table 2. List of antibodies used for immunocytochemistry.
antigen host type source dilution
human IL-6 mouse monoclonal, IgG2a Acris, Herford, Germany 1:100
human CD126 (IL-6R) mouse monoclonal, IgG1 Acris, Herford, Germany 1:100
human gp130 rabbit polyclonal, IgG Santa Cruz Biotechnology, Heidelberg, Germany 1:100
human pSTAT3 (Tyr705) mouse monoclonal, IgG1 Cell Signaling Technology, Danvers, USA 1:100
human SOCS3 (H-103) rabbit polyclonal, IgG Santa Cruz Biotechnology, Heidelberg, Germany 1:100
human SH-PTP2 (C-18) rabbit polyclonal, IgG Santa Cruz Biotechnology, Heidelberg, Germany 1:100
human NF-kB p65 (F-6) mouse monoclonal, IgG1 Santa Cruz Biotechnology, Heidelberg, Germany 1:100
doi:10.1371/journal.pone.0010882.t002
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Supporting Information
Figure S1 Gene regulation of NF-kB p65. Time- and concen-
tration-dependent palmitate and LPS effects on NF-kB p65
mRNA expression (A, B). All bars indicate difference to medium
control. For each measurement a medium treated control was
used. Data are shown as mean and SEM. Significant differences
are indicated by lines. mRNA was normalized to natural logarithm
LN.
Found at: doi:10.1371/journal.pone.0010882.s001 (0.30 MB TIF)
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Supporting Figure 1: Gene regulation of NF-κB p65. Time- and concentration-
dependent palmitate and LPS effects on NF-κB p65 mRNA expression (A, B). All bars 
indicate difference to medium control. For each measurement a medium treated control 
was used. Data are shown as mean and SEM. Significant differences are indicated by 




5.1.4.3 Zytokin-vermittelte Effekte auf die Zell-Zell-Kommunikation humaner 
Detrusormyozyten sowie suburothelialer Harnblasenmuskelzellen 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 96-106): 
Heinrich M, Oberbach A, Schlichting N, Stolzenburg JU, Neuhaus J.  
Cytokine effects on gap junction communication and connexin expression in human 
bladder smooth muscle cells and suburothelial myofibroblasts.  
PLoS One. 2011; 6(6): e20792. 
 
Einleitung und wissenschaftlicher Hintergrund: Die Literatur belegt nachhaltig die 
Rolle der Zytokine bei der Entstehung von Harnblasendysfunktion durch Manipulation 
intrazellulärer Regelmechanismen. Insbesondere die überaktive Harnblase (OAB) oder 
Miktionstörungen unterliegen dem Einfluss proinflammatorischer Biomoleküle wie IL-
6 bzw. TNFα. In der Pathogenese von Harnblasendysfunktion wurde verstärkt eine 
Fehlfunktion der Zell-Zell-Kommunikation beobachtet. Diese „Gap Junctional 
Intercellular Communication” (GJIC) ist essentiell für die Koordination der 
Blasenfunktion und ist vor allem bei OAB nachhaltig gestört. Die größte Bedeutung in 
der GJIC haben u.a. die Connexine Cx43 und Cx45, die sowohl in Detrusormyozyten 
als auch in Myofibroblasten exprimiert werden. In verschiedenen Organgeweben konnte 
bereits die Modulation der Proteinabundanz von diesen Connexinen durch 
Zytokineinfluss nachgewiesen werden. Die nachfolgende Untersuchung prüfte, ob die 
Regulation der Proteine Cx43 und Cx45 in Detrusormyozyten und in suburothelialen 
Myofibroblasten gleichsam nach Stimulation mit IL-4, IL-6, IL-10, Tumor Necrosis 
Factor-alpha (TNFα) und Transforming Growth Factor-beta1 (TGFβ1) unterliegen. 
Zusätzlich sollen Zell-Zell-Kopplungsexperimente Aufschluss darüber geben, ob durch 
Zytokinstimulation die direkte Zell-Zell-Kommunikation manipuliert werden kann. 
Methoden: Die Detrusormyozyten wurden nach bioptischer Entnahme von Patienten 
mit elektiver Zystektomie bei bestehendem Blasenkarzinom isoliert und bis zu einer 
Konfluenz von mindestens 80% als Primärkultur angezüchtet. Die GJIC wurde nach 
Zytokinstimulation der Primärkultur via „Fluorescence Recovery After Photobleaching“ 
(FRAP) nachgewiesen. Die Cx43- und Cx45-Expression wurde durch eine quantitative 
PCR ermittelt und die Proteinabundanz semiquantitativ durch konfokale Laser-
Scanning-Mikroskopie ermittelt. Die Membranfraktion von den o.g. Connexinen wurde 




Ergebnisse: Nach Stimulation mit dem proinflamatorischen Zytokin IL-6 zeigte sich 
eine signifikante Zunahme der Zell-Zell-Kommunikation sowohl im Detrusormyozyten 
als auch im Myofibroblasten. Die Proteine IL-4 und TGFβ1 führen in 
Detrusormyozyten zur Reduktion der GJIC bei gleichzeitiger Verminderung der Cx43- 
Proteinabundanz. Dementgegen führte die TNFα-Intervention der Zellkulturen zu keiner 
Änderung der Zellkommunikation im FRAP-Experiment, jedoch zeigte sich ein 
signifikanter Anstieg der Cx43-Expression. 
Schlussfolgerungen: Die Bedeutung der Zytokine für die Pathophysiologie der 
Harnblasendysfunktion ist bis zum heutigen Tag nicht hinreichend geklärt. Die 
bisherigen Untersuchungen in vitro und in vivo belegen jedoch, dass die Erhöhung der 
Fettsäure Palmitat zu einer Steigerung der Zytokinexpression und -sekretion im 
Detrusormyozyten beiträgt. Erhöhte Zytokinspiegel von IL-6 im interzellulären Raum 
im Sinne einer parakrinen Regulation können auf die Zell-Zell-Kommunikation Einfluss 
nehmen und die Entstehung einer Harnblasendysfunktion prolongieren.  
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Connexin Expression in Human Bladder Smooth Muscle
Cells and Suburothelial Myofibroblasts
Marco Heinrich1, Andreas Oberbach2,3, Nadine Schlichting2,3, Jens-Uwe Stolzenburg1, Jochen Neuhaus1*
1 Department of Urology, University of Leipzig, Leipzig, Germany, 2 Department of Pediatric Surgery, University Hospital, University of Leipzig, Leipzig, Germany, 3 Leipzig
University Medical Center, IFB Adiposity Diseases, Leipzig, Germany
Abstract
Background: The last decade identified cytokines as one group of major local cell signaling molecules related to bladder
dysfunction like interstitial cystitis (IC) and overactive bladder syndrome (OAB). Gap junctional intercellular communication
(GJIC) is essential for the coordination of normal bladder function and has been found to be altered in bladder dysfunction.
Connexin (Cx) 43 and Cx45 are the most important gap junction proteins in bladder smooth muscle cells (hBSMC) and
suburothelial myofibroblasts (hsMF). Modulation of connexin expression by cytokines has been demonstrated in various
tissues. Therefore, we investigate the effect of interleukin (IL) 4, IL6, IL10, tumor necrosis factor-alpha (TNFa) and
transforming growth factor-beta1 (TGFb1) on GJIC, and Cx43 and Cx45 expression in cultured human bladder smooth
muscle cells (hBSMC) and human suburothelial myofibroblasts (hsMF).
Methodology/Principal Findings: HBSMC and hsMF cultures were set up from bladder tissue of patients undergoing
cystectomy. In cytokine stimulated cultured hBSMC and hsMF GJIC was analyzed via Fluorescence Recovery after Photo-
bleaching (FRAP). Cx43 and Cx45 expression was assessed by quantitative PCR and confocal immunofluorescence.
Membrane protein fraction of Cx43 and Cx45 was quantified by Dot Blot. Upregulation of cell-cell-communication was
found after IL6 stimulation in both cell types. In hBSMC IL4 and TGFb1 decreased both, GJIC and Cx43 protein expression,
while TNFa did not alter communication in FRAP-experiments but increased Cx43 expression. GJ plaques size correlated
with coupling efficacy measured, while Cx45 expression did not correlate with modulation of GJIC.
Conclusions/Significance: Our finding of specific cytokine effects on GJIC support the notion that cytokines play a pivotal
role for pathophysiology of OAB and IC. Interestingly, the effects were independent from the classical definition of pro- and
antiinflammatory cytokines. We conclude, that connexin regulation involves genomic and/or post-translational events, and
that GJIC in hBSMC and hsMF depend of Cx43 rather than on Cx45.
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Introduction
Continence and micturition are under close neuronal control by
spinal and supraspinal centers and there are complex local
interactions between urothelial cells, suburothelial myofibroblasts
(hsMF) and human detrusor smooth muscle cells (hBSMC) in the
bladder wall. The gap junction proteins Cx43 and Cx45 were
identified in hBSMC and hsMF in vivo and in vitro. Those cells are
coupled via gap junctions, forming functional syncytia, which are
believed to be essential for coordination of detrusor mass
contraction and afferent signaling in the bladder [1–4].
Formation and modulation of GJ in the bladder are not well
understood. Cx43 expression is significantly upregulated in
hBSMC in idiopathic detrusor overactivity (IDO) [3] and
neurogenic bladder [5], and in hsMF in IDO [6]. Those data
speak in favor for a direct link between bladder dysfunction and
altered connexin expression, since altered gap junctional intercel-
lular communication (GJIC) would severely impair the local
control of continence and micturition.
Cytokines are involved in IDO
Growth mediators and cytokines are potent modulators of
cellular proliferation, morphology and function. Erickson et al. [7]
found altered urine levels of various cytokines in interstitial cystitis
(IC) including IL6, and EGF. Furthermore, TGFb1 is upregulated
in interstitial cystitis (IC) patients [8] and three fold elevated IL-10
levels were reported in the urine of OAB patients in a recent study
[9]. Mastocytosis of the detrusor muscle has been discussed as an
inherent feature of full blown interstitial cystitis (IC) [10]. IL4 is
secreted by mast cells and secretion is enhanced by TNFa
stimulation [11]. Bouchelouche et al. [12] showed that IL1b and
TNFa stimulate secretion of IL6 in cultured human detrusor SMC.
The gene regulatory effect of inflammatory cytokines, upregulated
in bladder inflammation, was also shown in animal models [13].
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Stimulation with bacterial endotoxin lipopolysaccharide (LPS) led
to secretion of IL6 in cultured human detrusor SMC [14].
Experimental cytokine effects on coupling
TNFa decreased both, Cx43 expression and GJIC in human
epidermal keratinocytes (HaCat) [15], and in rat glioma cells [16].
Lim et al. reported that TGFb1 reduced Cx43 expression and
GJIC in rat hepatic stellate cells [17].
Mori et al. [18] demonstrated a direct link between inflamma-
tion and high Cx43-expression by showing that experimentally
reduced Cx43 led to accelerated skin healing and less inflamma-
tory signs. In human aortic SMCs Rama et al. [19] found a
significant upregulation of Cx43 expression and GJIC after
TGFb1 stimulation. However, in our own studies TGFb1
significant reduced Cx43 expression and GJIC in cultured
hBSMC [4], indicating cell type specific regulation. To the best
knowledge of the authors there are no further studies of cytokine
effects on GJIC and connexin expression in human bladder cells.
To further elucidate the possible role of cytokines in modulation
of intercellular gap junction coupling, we used FRAP to
characterize coupling efficacy in cytokine stimulated cultured
human bladder cells. Furthermore, we analyzed connexin
expression by confocal immunohistochemistry, Dot Blot analysis,
and real-time PCR.
Results
Cytokine effects on cell-cell communication in hBSMC
To analyze local GJIC the FRAP-method was used as described
by Lim et al. [17]. A typical FRAP experiment is depicted in
Figure 1. During 3 minutes of experiment, the initially bleached
cell (target cell, Fig. 1A–C, cell 1) recovered up to about 50% of
the initial fluorescence intensity (Fig. 1C), while coupled
neighboring cells (Fig. 1C, cell 2–3) lost part of their fluorescence
intensity. No significant loss of fluorescence intensity was seen in
distant cells, which were used for bleaching correction (Fig. 1C,
cell 4). FRAP of the target cell started without delay immediately
after photobleaching (Fig. 1D, trace 1). Main fluorescence
recovery of the target cell occurred during the first 120 seconds
after photobleaching (Fig. 1D, trace 1).
Fortyeight hours treatment of hBSMC with IL6 (50 ng/ml) and
IL10 (10 ng/ml) increased the number of coupled neighboring
cells compared to medium control significantly (Fig. 2A). Howev-
er, while IL6 stimulation showed fluorescence recovery of
bleached cell equal to medium control (Fig. 2B), IL10 treatment
led to significant reduction of recovery% of the bleached cell after
3 minutes. The kinetic analysis of tracer flow into the bleached cell
showed a significant reduction of the flow by IL10 after 1 min,
while no suppression was seen by IL6 (Fig. 2C).
IL4 (10 ng/ml) and TGFb1 (5 ng/ml) stimulated hBSMC
showed no statistical relevant alteration of the number of coupled
neighboring cells after 48 h stimulation (Fig. 2D) while recovery of
bleached cell was significantly decreased after stimulation with
both, IL4 and TGFb1 (Fig. 2E). FRAP kinetic was altered in
cytokine stimulated cells. However, reduction of dye flow into the
target cell by TGFb1 was not significant, whereas IL4 induced
reduction was significant at all time points (Fig. 2F). Interestingly,
TNFa (10 ng/ml) treatment did not result in any significant
alterations of the coupling efficacy (Fig. 2.G–I).
Cytokine effects on Cx43 and Cx45 mRNA and protein
expression in hBSMC
The Cx43 mRNA content was significantly higher than Cx45
mRNA in all cell cultures (Fig. 3). Significant upregulation of Cx43
Figure 1. Fluorescence Recovery after Photobleaching (FRAP). (A) Colony of dye loaded hBSMC before bleaching (pre). Arrows indicate cells
of interest: (1) target cell; (2, 3) neighboring cells; (4) reference cell outside bleaching area. (B) Image immediately after bleaching target cell (1). (C)
FRAP of bleached cell after 180 sec. (D) Normalized fluorescence intensities of interested cells (1–4).
doi:10.1371/journal.pone.0020792.g001
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mRNA was observed only after 48 h of IL10 treatment, while
downregulation of Cx43 mRNA in IL4 and in TGFb1 treated cells
was not significant.
In contrast, Cx45 mRNA was significantly downregulated by
TGFb1 and upregulated by TNFa (Fig. 3).
Confocal immunofluorescence showed different localization
of gap junction proteins Cx43 and Cx45 (Fig. 4A). Cx43-IR
(-immunofluorescence) was preferentially located in the cell
membrane, showing heterogeneous plaque size (Fig. 4, Cx43
insets). In contrast, Cx45-IR was dispersed in smaller plaques
allover the cell and showed enhanced nuclear association in
cytokine stimulated cells, while this was not seen for Cx43.
Cytokine treatment increased aggregation of Cx43 plaques
compared to Cx45 (Fig. 4A insets IL10 and TNFa). IL4 stimulated
Figure 2. Gap Junctional Intercellular Communication (GJIC) with Fluorescence Recovery after Photobleaching (FRAP). Cultured
hBSMC after 48 h stimulation with IL4, IL6, IL10, TGFb1 and TNFa. (A,D,G) Number of coupled neighboring cells to target cell after 3 min. (B,E,H)
Fluorescence recovery% of bleached cell after 3 min. (C,F,I) Fold increase of fluorescence intensity of bleached cell 1, 2 and 3 min after bleaching.
Data are shown as mean and SEM from at least 14 cells each cytokine. Significant differences are indicated by asterisk. Dotted lines indicate means of
medium control. Dunnet-test was used after ANOVA. Significance level was p,0.05.
doi:10.1371/journal.pone.0020792.g002
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cells showed reduced Cx43 positive plaques in hBSMC but
increased Cx45 plaques. IL10 and TNFa treatment led to
increased Cx43 plaque formation (Fig. 4A, arrows).
The area of Cx43-IR (area%) was increased after 48 h
stimulation with IL6, IL10 and TNFa while IL4 and TGFb1
led to decreased Cx43 plaque-area (Fig. 4B, black bars). Cx45
plaque-area was increased after stimulation with IL4, TGFb1 and
TNFa (Fig. 4B, white bars) though those effects were much lower
than the effects seen in Cx43. Furthermore, cytokine treatment led
to altered connexin plaque size compared to medium control
(Fig. 4C). IL6 and TNFa stimulated cells showed a significant
increase in mean size of Cx43 plaques while IL10, IL4 and
TGFb1 significantly decreased Cx43 plaque size (Fig. 4C, black
bars). Cx45 plaque size was increased by IL6 and IL4 (Fig. 4C,
white bars).
To investigate the relative fraction of Cx43 and Cx45 in
membrane proteins we used Dot Blot protein analysis of isolated
cell membranes. Cx43 protein content in the membrane fraction
was significantly higher after 48 h stimulation with IL6, IL10 and
TNFa (Fig. 5), while IL4 and TGFb1 treatment reduced Cx43
content. Furthermore, IL10 and TGFb1 significant reduced Cx45
membrane fraction (Fig. 5).
Cytokine effects on GJIC and Cx43/Cx45 protein
expression in hsMF
Human suburothelial myofibroblast (hsMF) are located directly
underneath the urothelium in the lamina propria (Fig. 6A). As
hBSMC those cells are characterized by the expression of the
cytoskeletal aSMCA, which they retain in culture (Fig. 6B).
Cultured hsMF show a fibroblastic cell shape and the typically
express aSMCA-positive stress fibers (Fig. 6B, white arrows).
Thereby, they can be discerned from hBSMC, which have a
Figure 3. Cytokine effect on Cx43 and Cx45 mRNA expression.
Cx43 (black) and Cx45 (white) mRNA expression of cultured hBSMC
after 48 h stimulation with IL4, IL6, IL10, TGFb1 and TNFa. Cx43 and
Cx45 mRNA was normalized to common logarithm Log10. Data are
shown as mean and SEM. Significant differences to medium control
(mdc, dotted line) are indicated by asterisk. T-test was used after
ANOVA. Significance level was p,0.05.
doi:10.1371/journal.pone.0020792.g003
Figure 4. Confocal single cell protein analysis of Cx43 and Cx45. (A) Confocal Immunofluorescence for Cx43/Cx45 (red, arrows) and aSMCA
(gray) on cultured hBSMC after 48 h treatment with IL10, IL4 and TNFa and medium control (mdc). Nuclei were stained with DAPI (blue). The insets in
mdc-images represent negative controls (nc). The insets in IL4, IL10 and TNFa are three times enlargements from same image (rectangles). (B)
Quantitative analysis of Cx43 (black) and Cx45 (white) after confocal acquisition of 48 h cytokine treated hBSMC. Data show protein plaque area in
relation to cell area (mean and SEM) of at least 150 cells each cytokine from three different cultures. (C) Morphometric analysis of Cx43 and Cx45
protein plaques from confocal acquisition. Data are shown as mean and SEM (n.150). Significant differences are indicated by asterisk.
doi:10.1371/journal.pone.0020792.g004
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spindle shaped cellular morphology, lacking stress fibers in cell
culture (Fig. 6B).
In contrast to cytokine effects on hBSMC, only IL6 and TNFa
stimulated hsMF showed a significant increase of coupled
neighbor cells (Fig. 6C). In addition, recovery kinetics were
significantly enhanced by IL6, while the TNFa effect did not reach
significance level (p,0.05; Fig. 6D). Changes in the recovery rate
of the target cell were not significant (data not shown).
As in hBSMC Cx43-IR is located preferentially in the cell
membrane (Fig. 6E, arrows), whereas Cx45 showed prominent
nuclear association (Fig. 6E). Cx43 expression is significantly
higher compared to Cx45 (Fig. 6F). Total Cx43 area% was
significantly higher in unstimulated hsMF (mean6SEM;
0.4860.03; n = 331 cells) than in unstimulated hBSMC (n = 393;
0.3960.02; p = 0.0091; Fig. 4B) based on confocal microscopy
analyses. In contrast, Cx45 area% was lower in hsMF (n = 258;
0.1160.01) than in hBSMC (n = 292; 0.2360.03; p,0.0001).
IL10 significantly increased Cx43 area%, while IL4 and TGFb1
led to decreased Cx43 protein expression (Fig. 6F, black bars).
Cx45 protein content was decreased by all used cytokines (Fig. 6F,
white bars). Additionally, IL10 and TNFa increased mean size of
Cx43 plaques (Fig. 6G, black bars), while Cx45 plaque size was
reduced by IL10, IL4, TGFb1 and TNFa (Fig. 6G, white bars).
Furthermore, membrane fraction analysis showed an increase in
Cx43 protein after 48 h stimulation with IL6 and IL10, while
TGFb1 reduced Cx43 membrane protein in hsMF (Fig. 6H, black
bars). None of used cytokines caused a significant alteration of
Cx45 in the membrane fraction (Fig. 6H, white bars).
Discussion
Various studies reported correlations between altered cytokine
levels and bladder dysfunction [7,9,12,20]. However, modulation
of cell-cell communication in human bladder cells by cytokines has
not been addressed so far. In a previous study we have shown, that
three days incubation of hBSMC with TGFb1 caused Cx43
downregulation and decreased formation of functional syncytia,
which were analyzed using dye microinjection experiments [4]. In
the present study we used FRAP experiment to investigate the
modulation of gap junction coupling efficacy. Subsequently we
analyzed gene and protein expression of the two connexins Cx43
and Cx45 supposed to be involved in gap junction formation in
hBSMC and hsMF.
Cytokines show distinct GJ modulatory effects
In hBSMC the physiological cell-cell-coupling effects (FRAP) of
the cytokines can be grouped into (i) preferential upregulation
(IL6, IL10), (ii) downregulation (IL4, TGFb1), and (iii) no effect
(TNFa). IL6 and IL10 stimulated cells showed significantly
enhanced membrane localization of Cx43 (Dot Blot analysis of
the membrane fraction) and higher number of coupled neighbor-
ing cells, while Cx43 mRNA and Cx43 plaque size was variable.
Interestingly, smaller Cx43 plaque size in IL10 stimulated hBSMC
was related to lower recovery and reduced diffusion speed of the
fluorescent dye in FRAP experiments. In hBSMC stimulated with
IL4 or TGFb1 the number of coupled neighboring cells was
unchanged, while the recovery was lower, which was related to
decreased Cx43 protein expression, plaque size and Cx43
membrane localization. However, Cx43 gene expression was
unaltered in those cells. Surprisingly, we also found upregulation
of Cx43 protein (based on confocal micrographs), plaque size and
enhanced membrane localization in TNFa stimulated hBSMC,
however, not affecting coupling experiments.
Cx43 protein expression seems to be independently regulated
from Cx43 gene expression. The lack of close correlation between
gene expression and protein expression is a well documented
phenomenon [21]. While we found significant downregulation of
Cx43 mRNA and protein in hBSMC after 72 h incubation [4], no
significant downregulation of Cx43 mRNA was seen after 48 h of
TGFb1 treatment in the present study, whereas Cx43 protein was
significantly downregulated. Gap junction proteins Cx43 and
Cx45 have especially rapid turnover rates. They show half-lives in
the range of 1–3 h in cultures cells or in tissues. The rapid
regulation of mRNA and protein expression rates may occur as
seen in myometrium immediately prior and during labor [22].
Therefore, cytokine effects may vary considerably with exposure
time due to reaching a special steady state, stable cellular
condition.
IL4 and TGFb1 can induce transdifferentiation of human
synovial fibroblasts [23] and hBSMC [4,19] into a myofibroblast
phenotype. As shown by Zhang et al. [24] proliferation of mouse
heart fibroblast is inversely related to Cx43 expression. Cx43 has
been shown to interact with miscellaneous cytoskeletal proteins via
the C-terminal tail, thus regulating cell growth and cell motility
[25]. Cell proliferation and transdifferentiation seems to involve
reduction of gap junctions and adherens junction for tissue
remodeling.
These data speak in favor for the notion, that cytokines can
specifically modulate coupling between hBSMC, and that this
mainly involves post-translational processes.
Composition of GJ in hBSMC and hsMF
Gating properties of a given gap junction, assembled from
hexamers of connexin proteins, vary according to homo- or
heteromeric composition [26]. To address the question, whether
hBSMC and hsMF express heteromeric gap junctions, composed
of Cx43 and Cx45, we performed double immunofluorescence
confocal co-localization experiments. Those experiments did not
provide any evidence for heteromeric gap junction formation in
those cells (data not shown). However, further experiments, e.g.
FRET (fluorescence resonance energy transfer) are needed for
clarification. Cx43 seems to be responsible for gap junctional cell-
cell communication in hBSMC, since Cx45 expression is low and
alterations in Cx45 did not change any of the measured
Figure 5. Translocation of Cx43 and Cx45 into cell membrane.
Statistical analysis of Cx43 (black) and Cx45 (white) membrane protein
analysis of cytokine stimulated hBSMC from Dot Blots. Data are shown
as mean and SEM from three different cultures. Significant differences
to medium control (mdc) are indicated by asterisk.
doi:10.1371/journal.pone.0020792.g005
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physiological parameters. Congruent Cx45 downregulation in all
experiments, while GJIC was differentially regulated, suggests that
Cx45 is not important for GJIC in hBSMC, which is supported by
double whole cell patch experiments showing transjunctional
currents similar to homotypic Cx43 gap junction channels [27].
Characterization of cell cultures
The cell cultures established from human bladder tissue were
virtually free of urothelials cells as demonstrated by phase contrast,
immunocytochemistry and PCR analysis showing expression of
aSMCA (alpha smooth muscle cells actin), vimentin, desmin, and
calponin (Fig. S2, S3) but revealed no expression of cytokeratins in
immunocytochemistry (data not shown) and PCR analysis (CK7,
Fig. S4, Table S2).
Myofibroblasts show special unique ultrastructural features,
which would require ultrathin electron microscopy [28]. However,
sample preparation is time consuming and so we were not able to
integrate electron microscopic evaluation of the cell cultures into
routine experimental procedure. Instead we relied on morpholog-
ical and immunocytochemical characterization. Human BSMC
showed typical elongated morphology (Fig. S2A) and few stress
fibers in hBSMC (Fig. S2B), while sMF were characteristically
flattened cells (Fig. S2D) with high abundant aSMCA positive
stress fibers (Fig. S2E). No urothelial cells (example Fig. S2D inset)
were seen in those cultures. Interestingly, hsMF showed extensive
immunoreactivity for fibronectin-EDA (FNEDA, Fig. S3F), the
extracellular fibronectin isoform, which has been described to be
characteristic for myofibroblasts [29] and component of the
fibronectin fibril of the fibronexus [30,31]. In contrast, hBSMC
expressed less FNEDA, which was organized in thin strands (Fig.
S3C).
Differences between hBSMC and hsMF
The cytokine effects seen in hsMF differed from those in
hBSMC. IL6 and TNFa increased the number of coupled
neighboring cells, while number of coupled cells were unaltered
in IL10 treated hsMF, despite of increased Cx43 area %, plaque
size, and enhanced membrane association (Fig. 6C–H). Cx45 does
not seem to influence coupling behavior in hsMF, since as in
hBSMC we did not find any correlation with FRAP results.
Possible involvement of connexin trafficking and
assembly
IL6, IL10 and TNFa modulation of GJs and GJIC seems to be
more complex. IL6 and IL10 treatment elevated total Cx43
protein expression (Fig. 4B) and translocation into cell membrane
in hBSMC (Fig. 5C). However, while IL6 stimulated cells showed
increased size of Cx43 positive plaques, IL10 treated cells showed
decreased Cx43 plaque size (Fig. 4C), which could well account for
the decrease in recovery rate (Fig. 2B) and diffusion velocity
(Fig. 2C). In contrast, unaltered recovery rate in IL6 stimulated
cells indicates an additional mechanism, which delimits GJIC
efficacy in hBSMC. Similarly, despite IL6 induced higher number
of coupled neighboring cells and increased recovery velocity in
hsMF (Fig. 6C–D), the recovery rate was unaltered in those cells,
too (data not shown). Alterations in gap junctional plaque size
indicate modulation of connexin trafficking as reviewed by Laird
[32].
Adherens proteins are thought to be involved in connexin
guidance. Cadherin-11 and b-catenin expression has been
demonstrated in suburothelial myofibroblasts and detrusor smooth
muscle cells [33]. Colocalization of cadherin-11 with Cx43 and
upregulation has been demonstrated in OAB suburothelial
myofibroblasts [34]. A mechanism involving cadherin-11 and
Cx43 regulation may well account for the increased plaque size in
IL6 and TNFa stimulated hBSMC (Fig. 4C). TNFa upregulates
cadherin-11 in fibroblast-like synoviocytes [35] and in vascular
smooth muscle cells [36]. However, upregulation of Cx43 and
increased plaque size alone does not seem to be sufficient for
increasing coupling efficacy, as implied by our finding, that despite
the significant upregulation, TNFa did not change coupling
behavior of the cells at all (Fig. 2).
Posttranslational modifications of connexins may
regulate GJIC
The FRAP method allows to quantify GJIC capacity [37]. This
technique has the advantage to be noninvasive, easier and faster
than other approaches like dye transfer by scrape loading [38] or
dye-microinjection [4]. Bulk loading in FRAP experiments avoids
any mechanical disturbance of the cells, which can evoke
intracellular calcium transients in hBSMC (Neuhaus et al.,
unpublished). FRAP allows to directly analyze the physiological
effects mediated by modifications of gap junction forming
connexins. Our results indicate that posttranslational protein
modification is more important for regulation of gap junction
efficacy than gene regulation.
Several posttranslational modifications of connexin proteins
have been shown, including site-specific phosphorylation, pH,
voltage, and calcium ions [26]. The cytoplasmic C-terminal tail of
connexins is a target for phosphorylation by various protein
kinases [39]. Phosphorylation and dephosphorylation of Cx43
alters electrical and metabolic communication between cells and
may also influence the turnover rate of Cx43. Alterations in the
phosphorylation status [40,41] may be induced by specific
cytokine activation of protein kinases and phosphatases [39,42].
Cx43 is a phosphoprotein that can be phosphorylated by a
number of kinases [43] and dephosphorylated by protein
phosphatases such as PP1 and PP2A [44] for regulating its
activity. Therefore, both cytokines can acts as regulatory signaling
transducer of phosphorylation [40,45]. Only few reports on
cytokine mediated modulation of Cx43 phosphorylation status are
available in literature. TGFb1 modulates phosphorylation status of
Cx43 in hBSMC [4], TNFa induced uncoupling in anterior
pituitary folliculostellate cells, which was accompanied by Ser-368
phosphorylation of Cx43 [46]. Interestingly, short term effect of
TNFa and IL1 on the cells was enhancement of intercellular
coupling [47].
Figure 6. Cytokine effect on coupling and expression of Cx43 and Cx45 in human suburothelial myofibroblasts (hsMF). (A) Crossman
trichrome stained slice through human bladder wall in vivo. Immunolabeling for aSMCA (green) of serial section are shown right aside. Nuclei were
stained with DAPI (blue). (B) Immunolabeling of aSMCA (green) in cultured hsMF and hBSMC. (C) Number of coupled neighboring cells after 3 min
FRAP on cultured hsMF 48 h stimulated with IL6 or TNFa and medium control (mdc, black). (D) Fold increase of fluorescence intensity of bleached cell
1, 2 and 3 min after bleaching in hsMF 48 h stimulated with IL4, IL6, IL10, TGFb1 and TNFa and respective medium controls (mdc, black). (E)
Immunostaining for Cx43/Cx45 (red, white arrows) and aSMCA (green) in untreated cultured hsMF. Nuclei were stained with DAPI (blue). Insets
represent staining controls (nc). (F–H) Confocal protein analysis of Cx43 (black) and Cx45 (white) plaques and membrane translocation. Data are
shown as mean and SEM of at least 150 cells each cytokine. Significant differences are indicated by asterisks. Dunnet-test was used after ANOVA.
Significance level was p,0.05.
doi:10.1371/journal.pone.0020792.g006
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Disturbance of the cytokine network may account for
OAB symptoms
Bladder smooth muscle cells show constitutive production and
secretion of miscellaneous cytokines, including IL6 [12,14], which
was upregulated by stimulation of LPS [14,48], palmitate [14] and
IL4 [49] in time and concentration dependent manner. Complex
mutual cytokine interactions have been described following BCG
(bacillus Calmette-Guerin) stimulation of mouse bladder by Saban
et al. [50].
As under BCG induced local inflammation we hypothesize
dysregulation of the local cytokine network in overactive bladder.
It is likely, that cytokine induction also occurred in our in vitro
experiments. Thereby, superposition of secondary effects by
induced cytokines may explain some unexpected findings in our
FRAP experiments.
Conclusions
Gap junctions in human bladder smooth muscle cells and
suburothelial myofibroblasts are formed by Cx43 connexin
subunits. Of the cytokines tested, IL6 was the most effective
cytokine in our cell culture study. Therefore, IL6 related
modification of cell-cell communication could be important for
pathophysiology of bladder dysfunction. The heterogeneous
resposes seen in hBSMC and hsMF imply the involvement of
multiple intracellular pathways. Possible mutual induction or
inhibition of local cytokine production further enhances the
complexity of the cytokine network in the bladder. Alterations in
the delicate balance of this cytokine network might be involved in
etiology of overactive bladder syndrome and interstitial cystitis.
Material and Methods
Ethics Statement
The study was approved by the Ethics Committee of the
University of Leipzig and was conducted according to the
principles expressed in the Declaration of Helsinki. Written
informed consent was obtained from all patients.
Cell culture
Cell cultures of hBSMC (n = 3) and hsMF (n = 3) were
established from macroscopic tumor free bladder wall section of
bladder carcinoma patients undergoing radical cystectomy. After
removing the urothelium and the serosa, primary cell cultures of
hBSMC were set up from small fragments (about 0.560.5
60.5 cm) of the muscular layer.
For setup of hsMF we separated urothelial layer by sharp
dissection, ensuring no contamination with detrusor smooth
muscle cells. Since the suburothelial myofibroblast are located in
close vicinity directly adjacent to the basal lamina of the urothelial
cells, this technique gathered enough sMF to establish primary cell
culture. Those cells were then cultured in smooth muscle cell
medium, which did not support the growth of urothelial cells as
demonstrated by phase contrast microscopy. The growing cells
showed typical morphological and immunohistochemical features
of myofibroblasts (Fig. S1, S2, S3, S4, Table S1).
Tissue fragments were plated into tissue culture flasks (TPP AG,
Trasadingen, Switzerland) and incubated at 37uC and 5% CO2 in
SMC Growth Medium 2 (PromoCell GmbH, Heidelberg,
Germany) and subcultured up to the fifth passage (P5). For FRAP
experiments and confocal immunofluorescence, cells were plated
onto collagen A (Biochrome AG, Berlin, Germany) covered glass
cover slips to 50% confluence used for experiments.
Cultures at 50% confluence were stimulated two times 24 h
(48 h) with pro- and antiinflammatory cytokines IL-4 (10 ng/ml),
IL-6 (50 ng/ml) IL-10 (10 ng/ml), TNFa (10 ng/ml, R&D-
Systems, Wiesbaden, Germany), and TGF-b1 (5 ng/ml, Roche,
Mannheim, Germany). All cytokines were added to complete
medium (PromoCell smooth muscle cell growth medium 2). For
control, cells with plain medium received also medium change after
24 h. All cytokines were used at concentrations, which showed
regulatory effects in different cell types previously [4,51–55].
Fluorescence Recovery after Photo bleaching (FRAP)
Small fluorescent molecules like the fluorescent tracer 59(6)-
carboxyfluorescein diacetate (5-CFDA) can pass between neighbor-
ing cells only via GJ, but do not enter the cells when externally
applied [17,37]. Cytokine stimulated cells and medium control cells
were used for dye-coupling experiments in regions with comparable
cell density. Cells (P4-5) were loaded 20 min at RT with 0.1% 5-
CFDA-AM in Ringer solution (1.9 mM CaCl2, 5.9 mM KCl,
14.4 mM NaHCO3, 1.2 mM MgCl2, 120.9 mM NaCl, 1.55 mM
NaH2PO4, 11.49 mM glucose, 4.2 mM Hepes; pH 7.2) and kept in
the dark. The acetoxymethylester of 5-CFDA (5-CFDA-AM)
fluorescent dye is able to penetrate cell membranes and will
accumulate within the cells after cleavage of the ester by






hCx43 forward CAG GGA ATC AAG CCA TGC 228 exon 2
hCx43 reverse TGT GCT TTA CTT GCC ACA GC exon 2
hCx45 forward GGA AGA TGG GCT CAT GAA AA 220 exon 3
hCx45 reverse GCA AAG GCC TGT AAC ACC AT exon 3
h36B4 forward ACC ATG CTC AAC ATC TCC CC 397 exon 6
h36B4 reverse CCG ACT CCT CCG ACT CTT C exon 8
doi:10.1371/journal.pone.0020792.t001
Table 2. List of antibodies used for confocal immunofluorescence staining.
antigen host type source dilution
human Cx43 mouse monoclonal, IgG1 Millipore, Schwalbach, Germany 1:500
human Cx45 mouse monoclonal, IgG1 Millipore, Schwalbach, Germany 1:500
human aSMCA mouse monoclonal, IgG2a Sigma-Aldrich, Hamburg, Germany 1:2000
mouse IgG1 goat polyclonal, labeled Alexa-A555 MoBiTec, Göttingen, Germany 1:500
mouse IgG2a goat polyclonal, labeled Alexa-A488 MoBiTec, Göttingen, Germany 1:500
doi:10.1371/journal.pone.0020792.t002
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endogenous esterases into its membrane impermeable form. After
incubation external 5-CFDA-AM was removed and loaded cells
were incubated in Ringer at 37uC for 25 min, to allow cleavage by
endogenous esterases. FRAP experiments started with acquisition of
a pre-bleach image, which served as reference. One single cell
(target cell) was bleached with maximal laser intensity and thereafter
a series of images were taken at low laser intensity to monitor the
recovery of the bleached cell. All experiments were performed
under contineous ringer flow at 37uC on a LSM-5 Pascal confocal
laser scanning microscope (Carl Zeiss, Jena, Germany).
Analysis of FRAP
To analyze the recovery kinetic we measured the fluorescence
intensities of the target cell, their neighboring cells, an uncoupled
reference cell and the background before photobleaching (Fi) and
immediately after bleaching (F0) for at least 3 min (F‘). For each
experiment, the fluorescence intensity of the reference cell was
used to account for the photodegradation caused by the successive
acquisitions and the leakage of the fluorescent dye in relation to
the pre-bleach intensity. In this way we got a correcting factor for
each time point and the measured fluorescence intensity of the
photobleached target cell and their neighboring cells were
corrected by this factor. Finally we determined a threshold of
10% of fluorescence intensity recovery of the bleached cell and
accordingly 10% intensity loss of neighboring cells. We analyzed
the number of coupled neighboring cells, time of half-maximal
recovery (tEC50) and recovery% (R = (F‘-F0)/(Fi-F0)*100) of target
cell after 3 min FRAP. In addition we analyzed the dynamics of
fluorescence recovery of the target cell.
RNA Extraction and Real Time PCR
After 48 h stimulation total RNA was isolated with RNeasy
Mini Kit (Qiagen, Hilden, Germany). Isolated mRNA was
transcribed into complementary DNA (SuperscriptH VILO,
Invitrogen, Karlsruhe, Germany) and quantified on a real-time
PCR-System realplex2 Mastercycler (Eppendorf, Hamburg,
Germany), based on SYBR-Green quantitative PCR Mastermix
(2x) (Fermentas, St. Leon-Rot, Germany). Primer pairs were
customised from MWG Biotech (Ebersberg, Germany) (Table 1).
We used the constantly expressed acidic ribosomal phosphopro-
tein P0 (h36B4) as housekeeping gene [56].
Confocal immunocytochemistry
Cells cultured on cover slips were fixed in 4% buffered
paraformaldehyde for 30 minutes and incubated overnight at
4uC with primary antibodies (Table 2). Indirect immunofluores-
cence was performed with adequate secondary antibodies
conjugated with Alexa-Fluor-488 or Alexa-Fluor-555 fluorescent
dye (1:500; Invitrogen). Cell nuclei were stained with 49,6-
diamidino-2-phenylindoldihydro-chloride (DAPI). The cells were
analysed at a LSM-5 Pascal confocal laser scanning microscope.
Multitrack scanning for both labels avoided ‘bleeding through’ of
the fluorescence in double-labeling experiments. To ensure
comparability of fluorescence signal intensity between the samples,
we calibrated the detection system on control stains with no
primary antibody (negative controls, nc).
Single cell plaque formation analysis based on confocal
images
Confocal images of immunolabeled cells were analyzed with
ImageJ (Rasband WS ImageJ. U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–
2006) using self written macros. Cell borders of 80–100 cells per
cell culture and cytokine were delineated manually as regions of
interest (ROIs) based on aSMCA labeling. We analyzed quantity,
average size, perimeter, circularity, Feret-diameter and area
fraction of Cx43-positive and Cx45-positive protein plaques in
each ROI. For statistical analysis the ImageJ data were transferred
to GraphPad Prism5.0 (GraphPad Software, La Jolla, USA).
Membrane protein translocation with Dot Blot
Cells were washed with ice-cold PBS and scrapped off in 1.5 ml
ice-cold PBS supplemented with 1 mM phenylmethanesulfonyl
fluoride (PMSF; Sigma-Aldrich, Hamburg, Germany) and 1/100
volume protease inhibitor cocktail (Sigma-Aldrich). After ultra-
sound sonication (Sonopulse, Bandelin Electronics, Berlin, Ger-
many) the cell extracts were cleared by centrifugation and after
removing supernatant cell pellets were stored at 280uC until
further use. For membrane protein extraction from cell pellets we
used ProteoJET-Kit (Fermentas) according to the manufactures
instructions. The protein concentration was measured with BCA-
Protein Assay Kit (Thermo Scientific, Rockford, USA). 2 mg total
protein was transferred in triplets on nitrocellulose membrane by
Dot Blotting (Dot Blot 96 System, Biometra, Goettingen,
Germany). After blocking with Odyssey blocking buffer (LI-
COR Biosciences, Bad Homburg, Germany) for 1 h the
membranes were incubated with primary antibody (Table 3) over
night at 4uC. Detection was done with anti-mouse IRDye 680
(1:5000; LI-COR Biosciences) for 2 h. Membranes were scanned
with Odyssey Infrared Imager and evaluated by open-source
software ImageJ. Total protein was visualized by SYPRO Ruby
blot stain (BioRad, Munich, Germany).
Statistical Analysis
Complete data analysis was performed using Prism 5.0
(GraphPad) statistical software. The data are presented as the
mean +/2 SEM from at least three independent experiments.
Statistical differences were analyzed by ANOVA, t-test and
Dunnet test. A p-value ,0.05 was considered statistically
significant. LOG 10 was used for normal distribution.
Supporting Information
Figure S1 Cytokine effect on Cx43 and Cx45 mRNA
expression in cultured hsMF. Cx43 (black) and Cx45 (white)
mRNA expression after 48 h stimulation with IL4, IL6, IL10,
Table 3. List of antibodies used for Dot Blot immunostaining.
antigen host type source dilution
human Cx43 mouse monoclonal, IgG1 Millipore, Schwalbach, Germany 1:1000
human Cx45 mouse monoclonal, IgG1 Millipore, Schwalbach, Germany 1:1000
mouse IgG1 goat polyclonal, labeled 680 nm LICOR, Biosciences, Bad Homburg, Germany 1:5000
doi:10.1371/journal.pone.0020792.t003
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TGFb1 and TNFa compared to medium control (mdc). Cx43 and
Cx45 mRNA was normalized to common logarithm Log10. Data
are shown as mean and SEM. Significant differences to medium
control are indicated by asterisks. T-test was used after ANOVA.
Significance level was p,0.05.
(TIF)
Figure S2 Morphology and immunocytochemical char-
acterization of the cell cultures. (A–C) Cultured unstimu-
lated hBSMC: (A) Phase-contrast image. (B) Confocal immuno-
fluorescence of aSMCA (green). (C) Double labeling for aSMCA
(green) and Vimentin (red). (D–F) Cultured unstimulated hsMF:
(D) Phase-contrast image (inset: urothelial cells show clearly
different morphology). (E) Confocal immunofluorescence of
aSMCA (green). (F) Double labeling for aSMCA (green) and
Vimentin (red). Nuclei were stained with DAPI (blue). Bar in D
applies to A, D and inset D; bar in E applies to B and E; bar in F
applies to C and F.
(TIF)
Figure S3 Immunocytochemical characterization of the
cell cultures. (A–C) Confocal double immunofluorescence on
hBSMC for aSMCA (green) Desmin (red; A), Calponin (red; B) and
Fibronectin-EDA (FNEDA; red; C). (D–F) Confocal double
immunofluorescence on hsMF for aSMCA (green) Desmin (red;
D), Calponin (red; E) and FNEDA (red; F). Bar in F applies to A–F.
(TIF)
Figure S4 Characterization of the cell cultures by PCR.
Gelelectrophoresis of PCR-products demonstrating expression of
h36B4 (housekeeping gene), aSMCA and cytokeratin-7 (CK7) in
three hBSMC cultures (lane 1–3) and three hsMF (lane 4–6). Note
the expression aSMCA at 212 base pairs (bp) and missing CK7
expression at 186 bp.
(TIF)
Table S1 Antibodies used for immunocytochemical character-
ization of cell cultures.
(DOC)
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Figure S1. Cytokine effect on Cx43 and Cx45 mRNA expression in cultured hsMF. 
Cx43 (black) and Cx45 (white) mRNA expression after 48 h stimulation with IL4, IL6, 
IL10, TGFβ1 and TNFα compared to medium control (mdc). Cx43 and Cx45 mRNA 
was normalized to common logarithm Log10. Data are shown as mean and SEM. 
Significant differences to medium control are indicated by asterisks. T-test was used 







Figure S2. Morphology and immunocytochemical characterization of the cell cultures. 
(A–C) Cultured unstimulated hBSMC: (A) Phase-contrast image. (B) Confocal 
immunofluorescence of αSMCA (green). (C) Double labeling for αSMCA (green) and 
Vimentin (red). (D–F) Cultured unstimulated hsMF: (D) Phase-contrast image (inset: 
urothelial cells show clearly different morphology). (E) Confocal immunofluorescence 
of αSMCA (green). (F) Double labeling for αSMCA (green) and Vimentin (red). Nuclei 
were stained with DAPI (blue). Bar in D applies to A, D and inset D; bar in E applies to 
B and E; bar in F applies to C and F. 
 
Figure S3. Immunocytochemical characterization of the cell cultures. (A–C) Confocal 
double immunofluorescence on hBSMC for αSMCA (green) Desmin (red; A), Calponin 
(red; B) and Fibronectin-EDA (FNEDA; red; C). (D–F) Confocal double 
immunofluorescence on hsMF for αSMCA (green) Desmin (red; D), Calponin (red; E) 





Figure S4. Characterization of the cell cultures by PCR. Gelelectrophoresis of PCR-
products demonstrating expression of h36B4 (housekeeping gene), αSMCA and 
cytokeratin-7 (CK7) in three hBSMC cultures (lane 1–3) and three hsMF (lane 4–6). 




Table S1. Antibodies used for immunocytochemical characterization of cell cultures. 





5.1.5 Ausblick: Untersuchung der Adipositas-assoziierten Harnblasen-
dysfunktion 
Die klinische Relevanz der Adipositas als Ursache urologischer Funktionsstörungen 
kann bis zum heutigen Zeitpunkt nur unzureichend beurteilt werden. Die Notwendigkeit 
einer Stärkung dieses Forschungsschwerpunktes ist jedoch unabdingbar und wird 
sowohl durch eigene Studien als auch wenige klinische Untersuchungen bekräftigt. Im 
eigenen Fokus wissenschaftlichen Interesses liegt dabei die Aufdeckung des 
Kausalzusammenhangs zwischen der hyperkalorischen Ernährung und der Adipositas-
assoziierten urologischen Funktionsstörung.  
In weiterführenden, bisher unveröffentlichten tierexperimentellen Studien im HFD-
assoziierten Adipositasmodell der Ratte (Tabelle 1) wurde in einer ersten tier-
experimentellen Studie der Einfluss unterschiedlicher Diäten (CD = 66% Kohlen-
hydrat, 23% Protein, 11% Fettgehalt; STD = 54% Kohlenhydrat, 36% Protein, 10% 
Fettgehalt; HFD = 35% Kohlenhydrat, 20% Protein, 45% Fettgehalt) auf die Fähigkeit 
zur Harnblasenkontraktion (ex vivo) und deren jeweils spezifischen Rezeptorexpression 
ermittelt (Abbildung 7-10). In einem zweiten Studienansatz wurde geprüft, ob eine 
Gewichtsreduktion nach SG unter Beibehaltung einer HFD nach 19 Wochen die 






Tabelle 1: Darstellung des Ratten-Phänotyps nach 11- und 19-wöchiger diätetischer 
Intervention (CD = 66% Kohlenhydrat, 23% Protein, 11% Fettgehalt; STD = 54% 
Kohlenhydrat, 36% Protein, 10% Fettgehalt; HFD = 35% Kohlenhydrat, 20% Protein, 
45% Fettgehalt) sowie nach einer SG im Vergleich mit einer CD und Sham-OP+HFD 
Interventionsgruppe. Die Tiere wurden im Alter von 4 Wochen nach Randomisation 
einem Interventionsarm zugeordnet. Die Bestimmung der Parameter des Glukose- und 
Lipidstoffwechsels erfolgte mittels spezifischer ELISAs. Die Ermittlung der 24h-
Nahrungs- und Trinkmenge sowie des Ausscheidungsvolumens erfolgte in 
Stoffwechselkäfigen. Statischer Vergleich der Gruppen erfolgte mit ANOVA und 
nachfolgender Post-hoc-Betrachtung durch Tukey´s-Multiple-Comparison-Test; Das 
Signifikanzniveau wurde mit <5% angenommen. * signifikanter Vergleich HFD vs. CD, 
# STD vs. HFD; § signifikanter Vergleich HFD+SH vs. CD, & HFD+SG vs. HFD+SH 
 




[Wochen] 11 19 
Alter [Wochen] 15 23 
Körpergewicht [g] 428±24 455±33
#
 534±16 * 544±39 612±33§ 571±25 
&
  
viscerales KF [g] 4.6±1.2 7.4±1.6 
#
 12.4±3.6* 8.5±3 25.4±8.2§ 11.9±3.7
&
  
subkutanes KF [g] 4±2 4.1±1.1 
#
 9.5±2.7*  11.3±2.5 15.7±2.3§ 11.5±0.8
&
 
TG [mmol/L]  0.64±0.44 0.42±0.03
#





















 2.17±0.86 * 0.95±0.11 1.01±0.39  0.89±0.16 
nüchtern Glukose 









 2.8±1.2*  1.3±0.3 2.9±1.0§ 1.0±0.3
&
 
Trinkmenge [ml/d] 32±3 34±4 31±3  32±2  27±3 29±4 
Nahrung [g/d] 23±2 30±1 22±2  23±2 22±2 24±3 
24h Urin [ml] 11±3.5 12.5±4
#
 6±1.5* 9.5±2  6.5±2 7.5±1.8 
Kreatininclearance 
[ml/min] 





Nach 4-wöchiger HFD zeigen die vergleichenden Ex-vivo-Experimente der Harnblase 
im Organbad, dass die Kontraktionsfähigkeit unter Stimulation mit Carbachol 
(spezifischer Agonist der muskarinergen Rezeptoren; Abbildung 7) und ATP (Agonist 
der purinergen Rezeptoren; Abbildung 8) signifikant vermindert ist. Die reduzierte 
Abundanz der M3-Rezeptoren markiert sich sowohl im STD- als auch im HFD-
Rattenmodell (Abbildung 7). Sowohl das Expressionsprofil der M-Rezeptoren als auch 
der P2x-Rezeptoren können die Pathophysiologie der verminderten Kontraktion nicht 
hinreichend erklären (Abbildung 7/8). Zusätzliche Untersuchungen der 
Relaxationsfähigkeit der Harnblasenmuskulatur unter Stimulation mit Isoproterenol (β-
Sympathomimetikum) zeigen eine verminderte Entspannungfähigkeit der 
Harnblasenmuskulatur nach HFD-Intervention (Abbildung 9). In weiteren Analysen 
wurde geprüft, ob der Gewichtsverlust nach SG unter kontinuierlicher HFD-Fütterung 
die Harnblasendysfunktion reversibel gestaltet. Es zeigte sich jedoch, dass sowohl die 
Kontraktion (Carbachol und ATP Stimulation; Abbildung 7/8) als auch die Relaxation 
(Isoproterenol; Abbildung 9) nicht auf Normalwerte reguliert werden. Die Ursachen 
hierfür sind vielschichtig und reichen von induzierten Entzündungsreaktionen, 
Dysregulation des Harnblasenplexus, pathologisch veränderten Gefäßsystem bis hin zu 
direktem Einfluss von HFD auf den Harnblasenstoffwechsel. Immunhistochemische 
Untersuchungen der Harnblase zeigen einen signifikanten Anstieg der Fibroserate nach 
HFD vor allem suburothelial und in der Folge einer SG kann der Grad der Fibrose trotz 





Abbildung 7: Ex-vivo-Untersuchung der Harnblasenkontraktion im Rattenmodell nach 
konzentrationsabhängiger Stimulation mit Carbachol (A, B). Das Harnblasengewebe 
wurde zuvor mit 80mM KCL (A und B Inset) stimuliert und die maximale Kontraktion 
zu 100 Prozent gesetzt. Die absolute KCL-abhängige Kontraktion wurde im Inset 
dargestellt. Die Carbachol-abhängige Kontraktion ist relativ zur maximalen KCL-
Kontraktion der CD-Gruppe abgetragen. Der Vergleich erfolgte im 1. Studiensetup 
zwischen Chow-Diet (CD) vs. Standarddiät (STD) vs. Hochfettdiät (HFD) nach 11 
Wochen spezifischer Fütterung (A) und im 2. Studienprotokoll zwischen den 
Interventionsgruppen Sham-OP (SH), Sleeve Gastektomie (SG), CD 8 Wochen 
postoperativ und somit nach insgesamt 19 Wochen Diät (B). Die ermittelte Fläche unter 
der Kurve (AUC) repräsentiert die Änderung der Kontraktion in Abhängigkeit der 
Konzentration des Stimulus Carbachol und wird als Inset dargestellt. Die 
Carbacholantwort hängt wesentlich von der Expression der muskarinergen Rezeptoren 
(M2, M3) ab und deren Expression ist gewebespezifisch verteilt (C). Die 
lichtmikroskopische Markierung (DAB) gibt einen Überblick über die 
Expressionsverteilung der Rezeptoren. Die quantitative Analyse des Rezeptorprofils im 
Detrusor (D) und im Urothel (E) basiert auf konfokaler Immunofluoreszenz. C Insets; 





Abbildung 8: Ex-vivo-Untersuchung der Harnblasenkontraktion im Rattenmodell nach 
konzentrationsabhängiger Stimulation mit alpha/beta-ATP (A,B). Das Harnblasen-
gewebe wurde zuvor mit 80mM KCL stimuliert und die maximale Kontraktion zu 100 
Prozent gesetzt. Die alpha/beta-ATP-abhängige Kontraktion ist relativ zur maximalen 
KCL-Kontraktion der CD-Gruppe abgetragen. Der Vergleich erfolgte im 1. 
Studiensetup zwischen Chow-Diet (CD) vs. Standarddiät (STD) vs. Hochfettdiät (HFD) 
nach 11 Wochen spezifischer Fütterung (A) und im 2. Studienprotokoll zwischen den 
Interventionsgruppen Sham-OP (SH), Sleeve Gastektomie (SG), CD 8 Wochen 
postoperativ und somit nach insgesamt 19 Wochen Diät (B). Die ermittelte Fläche unter 
der Kurve (AUC) repräsentiert die Änderung der Kontraktion in Abhängigkeit der 
Konzentration des Stimulus alpha/beta-ATP und wird als Inset dargestellt (A/B). Die 
alpha/beta-ATP-Antwort hängt wesentlich von der Expression der P2x-Rezeptoren 
(P2x1, P2x2, P2x3) ab und deren Expression ist gewebespezifisch verteilt (C). Die 
lichtmikroskopische Markierung (DAB) gibt einen Überblick über die 
Expressionsverteilung der Rezeptoren im Harnblasengewebe. Die quantitative Analyse 
des Rezeptorprofils im Detrusor (D) und im Urothel (E) basiert auf konfokaler 





Abbildung 9: Ex-vivo-Untersuchung der Harnblasenrelaxation im Rattenmodell nach 
konzentrationsabhängiger Stimulation mit Isoproterenol (A,B). Das Harnblasengewebe 
wurde zuvor mit 1µM Carbachol vorstimuliert und die maximale Kontraktion zu 100 
Prozent gesetzt. Das Inset in Abbildung A und B zeigt keinen signifikanten Unterschied 
der Carbachol-abhängigen Kontraktion in allen Studiengruppen. Die Isoproterenol-
abhängige Relaxation ist relativ zur jeweils maximalen Carbachol-Kontraktion 
abgetragen. Der Vergleich erfolgte im 1. Studiensetup zwischen Chow-Diet (CD) vs. 
Standarddiät (STD) vs. Hochfettdiät (HFD) nach 11 Wochen spezifischer Fütterung (A) 
und im 2. Studienprotokoll zwischen den Interventionsgruppen Sham-OP (SH), Sleeve 
Gastektomie (SG), CD 8 Wochen postoperativ und somit nach insgesamt 19 Wochen 
Diät (B). Die ermittelte Fläche unter der Kurve (AUC) repräsentiert die Änderung der 
Relaxation in Abhängigkeit der Konzentration des Stimulus Isotroterenol und wird als 
Inset dargestellt (A/B). Die Isoproterenol-Antwort hängt von der Expression der E- 
Rezeptoren (C) ab. Die lichtmikroskopische Markierung (DAB) gibt einen Überblick 
über die Expressionsverteilung der Rezeptoren im Harnblasengewebe. Die quantitative 
Analyse des Rezeptorprofils im Detrusor (D) und im Urothel (E) basiert auf konfokaler 





Abbildung 10: Darstellung der Fibroserate und der gewebespezifischen MMP-Aktivität 
sowie Abundanz in der Harnblasenwand. Die histologische Untersuchung der 
Harnblasenwand der Interventionsgruppen mittels Van Gieson-Färbung zeigte im 1. 
Studiensetup zwischen Chow-Diet (CD) vs. Standarddiät (STD) vs. Hochfettdiät (HFD) 
nach 11 Wochen spezifischer Fütterung eine signifikante Detrusorfibrose im HFD-
Rattenmodell (A). Im 2. Studienprotokoll zwischen den Interventionsgruppen Sham-OP 
(SH), Sleeve Gastektomie (SG), CD 8 Wochen postoperativ fanden wir ein signifikant 
reduzierte Fibrosierung in der SG-Grupp gegenüber Sham (A). (Detrusor (gelb), 
Extrazellularmatrix (rot)) Die Analyse der Aktivität von Matrix-Metalloproteasen 
(MMP) im Blut und im Harnblasengewebe durch spezifische ELISAs zeigte eine 
signifikante Reduktion der MMP-Aktivität im HFD-Modell nach 11 Wochen Diät. Im 
2. Studienprotokoll fanden wir eine signifikant erhöhte MMP-Aktivität in der SG-
Gruppe. Im Gewebe konnten keine signifikanten Änderungen der MMP-Aktivität 
nachgewiesen werde. ( n=5, p<0,05 Mann-Whitney Test) 
 
Zusammenfassung: All diese Erkenntnisse lassen offen, welche spezifischen 
Stoffwechselwege für die Dysregulation der Harnblase unter dem Einfluss einer HFD 
verantwortlich sind. Zur Klärung dieser Fragestellung können erweiterte Proteomik-
Untersuchungen beitragen. Insbesondere die Einbringung von 15N-markierten 
Aminosäuren im Futter oder die intravenöse Applikation von markierten Isotopen kann 
über spezifische Einlagerung mit anschließender massenspektrometrischer Analyse 
(Protein-based Stable Isotope Probing; Protein-SIP) den zeitabhängigen Stoffwechsel 




Zusammenfassend belegen die vorliegenden Proteomik-Ansätze den Nutzen dieser 
Technologieplattform in der Aufklärung der Adipositas-assoziierten Harnblasen-
dysfunktion. Es ist wünschenswert, dass die Harnblasenfunktionsstörung im Katalog der 
Adipositas-assoziierten Komorbiditäten mehr Bedeutung gewinnt und dass in 
zukünftigen Untersuchungen der therapeutische Nutzen von Interventionen wie 
Bewegungstherapie, Lifestyle-Veränderung oder metabolische Chirurgie auf die 








Die Serum-Proteomik ist ein Segen in der Suche nach Biomarkern und zeitgleich ein 
Fluch im Hinblick auf die Erwartungshaltung, hunderte neue Biomarker zu 
identifizieren (Kienzl-Wagner et al., 2011). Die Herausforderung für einen globalen 
Proteom-Ansatz besteht in der Erforschung von Biomolekülen im Frühstadium einer 
Erkrankung oder im Sinne eines prognostischen Markers. Hierbei steht die Erarbeitung 
des gesamtheitlichen Proteoms im Fokus wissenschaftlichen Interesses, wobei sich die 
Biomarker hinreichend sensitiv und spezifisch für die Pathophysiologie darstellen 
sollen. Der Anspruch an einen validen klinischen Biomarker-Assay wurde mehrfach in 
der Literatur formuliert (Lee et al., 2007). Die verwendete Methode in der klinischen 
Routinearbeit muss hoch sensitiv und spezifisch für das jeweilige Agens sein, sich 
möglichst als Hochdurchsatzanalyse eignen und dabei einen geringen Kostenaufwand 
bei hohem klinischem Nutzen aufweisen (Wang et al., 2012). Insbesondere für die 
Verwirklichung der „personalisierten Medizin“ sind Biomarker-Assays von hohem 
klinischem Interesse (Anderson et al., 2006), sowohl in der Determinierung der 
Erkrankung, der Bestimmung des Krankheitsausmaßes (Zhang et al., 2013b), der 
Abschätzung der Prognose als auch in der Überwachung von Therapieerfolgen (Zhang 
et al., 2013a). Eine Untersuchung von Anderson (2010) zeigte, dass nach den 
Richtlinien der US Food and Drug Administration (FDA) bis zum Jahr 2008 nur ca. 1% 
der humanen Proteine quantitativ im Serum mittels Assays erfasst werden konnten 
(Anderson, 2010). Bis zum heutigen Tag werden stetig neue Proteine als mögliche 
Biomarker-Kandidaten veröffentlicht, wobei jedoch der Weg zum klinischen Assay sehr 
langwierig und kostenaufwendig ist (Wildes und Wells, 2010; Zhang et al., 2012). Die 
Arbeitsgruppe um Lopez et al. (2007) formulierte die wesentlichen Hürden in der 
Entwicklung eines Serum-basierenden Biomarker-Assays wie folgt: 
Zum einen zirkulieren die Biomoleküle von Interesse im Blut häufig in sehr niedrigen 
Plasmakonzentrationen. Zum anderen maskieren hoch abundante Serum-Proteine wie 
Albumin, die in geringer Konzentration vorkommenden Proteine. Und letztlich werden 
eine Vielzahl von aktiven Proteinen im Serum durch bspw. Proteasen inaktiviert oder 
degradiert (Lopez et al., 2007). 
Dennoch ist die Attraktivität des Serums als leicht zugängliches Biomaterial und 
Repräsentant aller durchflossenen Gewebe in verschiedenen Gesundheits- oder 




Proteomik gestattet als Hochdurchsatzverfahren die simultane Detektion und 
Quantifizierung von hunderten Proteinen (Ray et al., 2011). Die bisher veröffentlichten 
Serum-Proteomik-Ansätze umfassen die Technologieplattformen von 2D-PAGE, 2D-
DIGE, SELDI-TOF-MS über Protein-Arrays, iTRAQ und MudPIT-Verfahren 
(Alterman et al., 2004; Chen et al., 2009). Zusätzlich zur Vielfältigkeit proteom-
analytischer Methoden in der Biomarker-Suche ist eine Proteomik-Plattform in der 
Lage, eine Vielzahl von Signalwegen und dessen Abundanz darzustellen bzw. die 
Modifikation von Proteinen durch Carbonylierung oder Phosphorylierung aufzudecken 
(Banville et al., 2014). Insbesondere in der Abschätzung des Ausprägungsgrades 
Adipositas-assoziierter Erkrankungen ist dies von hohem klinischem Interesse. Die 
Wissenschaftslandschaft sucht nach klinisch relevanten Risiko-Clustern, um Herz-
Kreislauf-Erkrankung oder T2DM, Niereninsuffizienz oder Harnblasendysfunktionen 
bei Patienten mit Adipositas frühzeitig zu erkennen. Die Herausforderung besteht u.a. 
darin, die Patienten mit erhöhtem Risiko für Folgeerkrankungen von „gesunden“ 
übergewichtigen Menschen zu erkennen. Die Literatur spricht sogar von einem 
„metabolically healthy obese” (MHO) Phänotype. Schätzungsweise 20-30% dieser 
Patienten sind charakterisiert durch eine hohe Insulinsensitivität ohne gleichzeitige 
Anzeichen chronischer Entzündungsprozesse bzw. dem Fehlen der typischen 
Adipositas-assoziierten Komorbiditäten (Boonchaya-anant und Apovian, 2014).  
All diesen Besonderheiten in der Erforschung der Adipositas und deren 
Erkrankungsvielfalt kommt noch größere Bedeutung zu, wenn wir die bestehenden 
Therapieoptionen (Life-Style-Änderung, Sport, Ernährungsumstellung, bariatrische 
Chirurgie, psychosoziale Therapiekonzepte) und deren ungleichen Einfluss auf die 
Komorbiditäten ins Kalkül der Biomarker-Suche einbeziehen. 
Eigene Untersuchungen von Serum-Proteinen mittels einer 2D-DIGE-Proteomik-
Technologieplattform prüften den Einfluss der Adipositas im Sinne der MHO auf das 
Serum-Proteom-Profil (Oberbach et al., 2011). In weiterführenden Studien wurde die 
Wirkung einer diätetischen und einer bariatrisch-chirurgischen Intervention (SG) auf 
das ermittelte Adipositas-assoziierte Serum-Profil sowohl in Erwachsenen (Oberbach et 
al., 2011) als auch bei Heranwachsenden (Oberbach et al., 2012a) untersucht. In 
weiterführenden Analysen wurde ein Biomarker-Assay unter Anwendung 
massenspektrometrischer Analyseverfahren mittels MRM-Methode entwickelt. Dieser 
Adipositas-spezifische Assay wurde zusätzlich an Patienten vor und nach bariatrischer 




5.2.1 Proteom-Aanalyse zur Identifikation von Adipositas-assoziierten 
Biomarkern im Serum: Einfluss von Roux-Y-Magenbypass auf das 
Serum-Proteom im Erwachsenenalter 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 123-142): 
Oberbach A, Blüher M, Wirth H, Till H, Kovacs P, Kullnick Y, Schlichting N, Tomm 
JM, Rolle-Kampczyk U, Murugaiyan J, Binder H, Dietrich A, von Bergen M. 
Combined proteomic and metabolomic profiling of serum reveals association of the 
complement system with obesity and identifies novel markers of body fat mass changes. 
J Proteome Res. 2011 Oct 7; 10(10): 4769-88. 
 
Einleitung und wissenschaftlicher Hintergrund: In einem ersten 
Untersuchungsschritt wurde das Serum-Proteom von Adipösen mit einem BMI>30 ohne 
klinisch nachweisbare Komorbiditäten wie Bluthochdruck oder gestörte 
Blutglukosetoleranz analysiert. Die Literatur gibt klare Belege dafür, dass ein Serum-
Proteom durch kurzfristig metabolische Einflüsse wie gesteigerte körperliche Aktivität 
divergiert. Diese Änderungen können phänotypisch begründet sein oder prinzipiell dem 
Stoffwechselanspruch unter sportlicher Aktivität unterliegen. Um die Adipositas-
spezifischen Biomoleküle im Serum zu eruieren, wurden 10 Studienteilnehmer (5 
Probanden BMI>25kg/m²; 5 MHO-Probanden BMI>30 kg/m²) einem 1-stündigen 
Kraftausdauertraining im Sinne eines Zirkeltrainings unterzogen. Die Serum-
Gewinnung erfolgte sowohl vor und direkt nach Belastung als auch 24 Stunden nach 
dem Training. Die in der Serum-Proteomik identifizierten Kandidatenproteine wurden 
im zweiten Schritt in einer weiteren Kohorte von Studienteilnehmern (10 Probanden 
BMI>25kg/m²; 10 MHO-Probanden BMI>30kg/m²) mittels ELISA validiert. Von 
vordergründigem Interesse waren die Biomoleküle, die sich Adipositas-spezifisch 
unterschieden. In zusätzlichen Interventionsstudien (hypokalorische Diätstudie, LSG) 
wurden der Einfluss der Gewichtsreduktion, Änderung der Glukosehomöostase und 
weiterer Komorbiditäten auf die Änderung der Adipositas-spezifischen Biomoleküle 
bewertet.  
Ziel: Der Fokus dieser wissenschaftlichen Arbeit lag in der Generierung Adipositas-
assoziierter Serum-Biomarker. Im Vordergrund stand die Korrelation zwischen der 
Änderung des Körperfettgehaltes und der Änderung der Serum-Biomarker. 
Material und Methoden: Die Identifikation von Serum-spezifischen Biomolekülen 




der Habilitationsschrift soll im Nachfolgenden auf die Proteomik-Analyse eingegangen 
werden. Um eine höhere Abdeckung des Serum-Proteoms zu erhalten, wurden die 20 
hochabundanten Serum-Proteine mittels spezifischer Seperationssäulen abgereinigt. Die 
nachfolgende Anwendung eines 2D-DIGE-Ansatzes gestattete die Darstellung des 
Serum-Proteoms bei gleichzeitiger Illustration posttranslational modifizierter Proteine 
und deren Abundanz. Die Auftrennung der Proteine in der ersten Dimension basiert auf 
einer isoelektrischen Fokussierung bei einem pH-Range von 3-10 und in der 2. 
Dimension unter Anwendung eines SDS-Gels nach Molekulargröße in einem Range 
von 20-200kDA. Die Proteine wurden zuvor mittels Cy2- bzw. Cy3- oder Cy5-Label 
spezifisch fluoreszenzmarkiert. Die Intensitätsbestimmung der verschiedenen 
Fluoreszenzsignale erfolgte am Ettan DIGE Imager Scanner (GE Healthcare). Die 
indirekte Quantifikation der Proteine wurde durch die Anwendung der Delta2D 3.6 
Software (Decodon) realisiert. Um mögliche Signalwege zu identifizieren, wurden alle 
Proteine aus dem Gel ausgeschnitten, anschließend tryptisch verdaut und im ersten 
Schritt durch eine MALDI-MS/MS-Analyse massenspektrometrisch identifiziert. Ein 
Teil der Proteine konnte jedoch nicht spezifisch identifiziert werden und es erfolgte eine 
zweite Analysestufe mittels NanoLC-ESI-MS/MS. 
Ergebnisse: Die Anwendung der 2D-DIGE-Methode unterliegt mehreren 
methodenspezifischen Herausforderungen. Zum einen ist die Abreicherung 
hochabundanter Proteine notwendig, da vor allem Albumin die Auftrennung im 2D-Gel 
vermindert. Des Weiteren kann die Auftrennung des Proteoms durch verschiedene 
überlappende pH-Bereiche (bspw. IEF Strips 3-7 und 5-12) verbessert werden. Jedoch 
vergrößern sich die Anzahl der zu analysierenden Gele und damit die Fehlerquellen in 
der Überlappung von Gelmustern bei der Software-bezogenen Spot-Quantifizierung. 
Durch den Einsatz der 2D-DIGE-Plattform können auch modifizierte Proteine als 
signifikant unterschiedlich abundant identifiziert werden. Insbesondere der 
Phosphorylierungsgrad verschiebt den Punkt der isoelektrischen Fokussierung. Somit 
können gleiche Proteine in der 1. Dimension (pH 3-10) aufgetrennt werden und stellen 
sich durch ein paralleles Spotmuster dar. Nach Fluoreszenzlabel-basierender 
Spotdetektion und nachfolgender massenspektrometrischer Identifikation kann die 
Interpretation über die Regulation des Proteins nur eingeschränkt erfolgen. Wenn bspw. 
fünf verschiedene Spots durch das gleiche Protein repräsentiert werden, sich jedoch die 
Intensität dieser Spots im Hinblick auf den Phänotyp unterscheidet, so kann man keinen 




These müssen weiterführende Proteinanalysen (bspw. ELISA) herangezogen werden. 
Beim Vergleich des Serum-Proteoms von Menschen mit einem BMI<25kg/m² und 
BMI<30kg/m² konnten im ersten Untersuchungsschritt 126 differentiell abundante 
Spots identifiziert werden, die durch 39 spezifische Proteine repräsentiert wurden. Die 
differentielle Abundanz von ATIII, CLU, C3 und C3b complement, PEDF, RBP4, SAP 
und VDBP wurde unter Anwendung von ELISAs bestätigt. Durch die Einbeziehung 
von zusätzlichen Interventionsstudien (14 Patienten mit morbider Adipositas erhielten 
eine LSG; 12 Patienten eine hypokalorische Diät) über einen Beobachtungszeitraum 
von 6 Monaten post-interventionell wurden die Änderungen der Kandidatenproteine mit 
der Änderung der viszeralen und subkutanen Fettmasse (Quantifizierung basierte auf 
MRT-Messungen) korreliert. Die multivariate Regressionsanalyse zeigt einen 
signifikanten Zusammenhang zwischen der Änderung der Fettmasse der Serum-
Kandidatenproteine. Durch die Bestimmung von abundant regulierten und nicht-
regulierten Proteinen sowie deren relativer Quantifizierung konnten signifikant 
regulierte Signalwege (unter Einbeziehung von GENE CARDS) abgeschätzt werden. So 
zeigte sich eine signifikante Erhöhung der Signalkaskade des Komplementsystems im 
Phänotyp Adipositas, die durch weiterführende Untersuchungen bestätigt werden 
konnte. 
Schlussfolgerungen: Die Verwendung einer 2D-DIGE-Proteomik-Plattform ist 
geeignet zur Identifikation von differentiell abundanten Proteinen im Serum. Eine 
nachfolgende Validierung durch geeignete Proteinanalyseverfahren ist jedoch 
unabdingbar. Die Methodenplattform ist geeignet proteinspezifische Biomarker im 
Zusammenhang mit dem Phänotyp Adipositas aufzudecken. 
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’ INTRODUCTION
Obesity has reached epidemic proportions worldwide.1 It
significantly increases the risk of developing type 2 diabetes
mellitus, hypertension, coronary heart disease, stroke, and
several types of cancer.2 Adipose tissue releases a large number
of bioactive molecules that influence body weight, insulin sensi-
tivity, blood pressure, circulating lipids, coagulation, fibrinolysis
and inflammation, leading to metabolic diseases as well as
endothelial dysfunction and atherosclerosis. However, we are just
beginning to understand the underlying mechanism that links
increased fat mass to the adverse health outcomes of obesity.
Received: June 9, 2011
ABSTRACT: Obesity is associated with multiple adverse health effects and a high risk of developing
metabolic and cardiovascular diseases. Therefore, there is a great need to identify circulating parameters that
link changes in body fat mass with obesity. This study combines proteomic and metabolomic approaches to
identify circulatingmolecules that discriminate healthy lean from healthy obese individuals in an exploratory
study design. To correct for variations in physical activity, study participants performed a one hour exercise
bout to exhaustion. Subsequently, circulating factors differing between lean and obese individuals,
independent of physical activity, were identified. The DIGE approach yielded 126 differentially abundant
spots representing 39 unique proteins. Differential abundance of proteins was confirmed by ELISA for
antithrombin-III, clusterin, complement C3 and complement C3b, pigment epithelium-derived factor
(PEDF), retinol binding protein 4 (RBP4), serum amyloid P (SAP), and vitamin-D binding protein
(VDBP). Targeted serummetabolomics of 163metabolites identified 12 metabolites significantly related to
obesity. Among those, glycine (GLY), glutamine (GLN), and glycero-phosphatidylcholine 42:0 (PCaa
42:0) serum concentrations were higher, whereas PCaa 32:0, PCaa 32:1, and PCaa 40:5 were decreased in
obese compared to lean individuals. The integrated bioinformatic evaluation of proteome and metabolome data yielded an improved
group separation score of 2.65 in contrast to 2.02 and 2.16 for the single-type use of proteomic or metabolomics data, respectively. The
identified circulating parameters were further investigated in an extended set of 30 volunteers and in the context of two intervention
studies. Those included 14 obese patients who had undergone sleeve gastrectomy and 12 patients on a hypocaloric diet. For
determining the long-term adaptation process the samples were taken six months after the treatment. In multivariate regression
analyses, SAP,CLU,RBP4, PEDF,GLN, andC18:2 showed the strongest correlation to changes in body fatmass. The combined serum
proteomic andmetabolomic profiling reveals a link between the complement system and obesity and identifies both novel (C3b, CLU,
VDBP, and all metabolites) and confirms previously discovered markers (PEDF, RBP4, C3, ATIII, and SAP) of body fat mass changes.
KEYWORDS: Proteomics, Metabolomics, obesity, bariatric surgery, weight loss therapy, lifestyle intervention
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During the past decade it has been realized that not only cells
of the immune system and the liver but also adipose tissue
expresses many pro- and anti-inflammatory factors and could
therefore contribute to increased levels of inflammatory markers
in the circulation of obese individuals.3 Adipose tissue was shown
to produce and secrete pro-inflammatory cytokines and adipo-
kines including TNFα, transforming growth factor β (TGFβ)
and interferon-γ, C-reactive protein (CRP), interleukins (IL) -1,
-6, -8, -10, plasminogen activator inhibitor-1 (PAI-1), retinol
binding protein-4 (RBP4), vaspin, fibrinogen, haptoglobin, an-
giopoietin-related proteins, metallothionein, complement factor
3, serum amyloid A (SAA) protein, anandamide and 2-AG as well
as chemoattractant cytokines, such as monocyte chemotactic
protein-1 (MCP-1), progranulin and macrophage inflammatory
protein-1 as reviewed elsewhere.2,4
However, we hypothesize that important circulating factors,
which may represent molecular mediators of increased risk for
obesity-related diseases, are still unknown. Recent advances in
proteomic and metabolomic approaches encourage studies that
aim at identifying mechanisms underlying the pathophysiology
of complex diseases such as obesity or diabetes as reviewed
in refs 5 and 6. This study used a novel scientific approach in
obesity research by combining proteome and metabolome data
to identify molecules that discriminate healthy lean from healthy
obese individuals.7 Differentially abundant proteins were vali-
dated by ELISA. In addition, we measured serum concentrations
of the identified proteins prior to and directly after exercise as
well as 24 h after regeneration. Furthermore, we examined if
significant loss of body fat mass in response to bariatric surgery or
hypocaloric diet causes a change in the newly identified markers
of fat mass.
The fact that serum protein concentrations vary by more than
15 orders of magnitude hampers the development of clinical
biomarkers.8 For our proteome study, we sought to exclude high
abundant proteins and thus enable a higher coverage of the serum
proteome by using a commercially available depletion kit that
specifically immunoprecipitates 20 high abundant proteins from
serum and that has been found to be compatible with other kits9
and was used successfully in other studies.10,11 Gel-based ap-
proaches allow the simultaneous detection of post-translational
modifications and thereby the speciation of the proteome,
whereas this information is often lost in peptide-based LC!MS
approaches12 that in contrast provide a much broader coverage
of the proteome. Since until now the most accurate quantification
in gel-based approaches is achievable by DIGE,13 this technique
was used in this study. The availability of high throughput
analyses in the field of metabolomics is essential to cover
metabolites important in lipid metabolism such as carnitine
and phospholipids.14 Functional analyses combined with a pro-
teome approach have the potential for unraveling novel markers
ormechanisms for pathophysiological conditions.15 Furthermore,
the detection of different metabolites is already used as a diagno-
stic tool in several diseases16 including reproductive function,17
insulin resistance18 and consequences of laparoscopic sleeve
surgery.19 In recent studies, metabolome approaches have been
used to either determine the differences between obese insulin
resistant and sensitive patients20 or metabolome footprints of
diabetes, meaning the metabolome comparison between lean and
diabetic individuals.21 The metabolites covered in this study
comprise a subset of those in the latter mentioned studies and
include essential parts of the lipids correlated to obesity and
adipose tissue.21
Serum proteins and metabolites exhibit a great variance due to
short-term effects in the range of seconds up to 72 h, what is well-
known as “metabolic adaptations.” This metabolic adaptation is
expected to be governed predominantly by the actual physical
activity, nutrition and metabolism. To exclude the influence of
short-term metabolic adaption, we used a one-hour physical
exercise workout to create physical fatigue in the first step and
regeneration afterward. Hence, measurements were taken at
three points in time: baseline, immediately after the exercise
and after 24 h of regeneration. This experimental design allowed
us to (1) compare the circulating proteome and metabolome in
response to acute exercise and (2) dissect those proteins or
metabolites that may reflect individual differences in fat mass,
independently of physical activity status. Only those proteins and
metabolites, which independently of exercise-associated changes
predict fat mass, were considered for further analyses in the
context of two weight loss intervention strategies. We sought to
determine whether changes in the identified proteins and
metabolites 6 months after either bariatric surgery or an energy
restricted diet are correlated with changes in fat mass.
’MATERIAL AND METHODS
Ethic Statement
The study protocols were approved by the University of
Leipzig ethic committee review board, and all subjects provided
their informed consent before entering the study.
Study Design
CombinedProteomeandMetabolomeStudy inHealthy
Lean vs Obese Individuals. In a cross-sectional exploratory
study, 5 healthy lean and 5 healthy obese Caucasian (all males;
Table S1, Supporting Information) were randomly selected, out
of a cohort of 15 healthy lean and 15 healthy obese volunteers
(Table 1), to identify serum biomarkers via 2D DIGE. The
identified markers were later on validated by a comparison of 15
lean and 15 obese individuals selected by the same criteria as the
smaller group based on ELISA analysis. The volunteers were
selected from a computer-based volunteer database and matched
for age and health status. All individuals fulfilled the following
inclusion criteria: (1) age 20!35 years, (2) BMI 23!25 kg/m2
(lean group) or 30!45 kg/m2 (obese group), (3) fasting plasma
glucose < 6.0 mmol/L, (4) HbA1c < 5.5%, and (5) stable weight,
defined as the absence of fluctuations of 2% of body weight
3 months before the study. In addition, the following exclusion
criteria have been defined: (1) medical and family history of
type 1 or type 2 diabetes, (2) medical history of hypertension or
systolic blood pressure (SBP) 140 mmHg and diastolic blood
pressure (DBP) 85 mmHg, (3) any acute or chronic inflamma-
tory disease, as determined by a cardiovascular or peripheral
artery disease, (4) any type of malignant disease, (5) thyroid
dysfunction, (6) Cushing’s disease or hypercortisolism, (7)
alcohol or drug abuse, (8) pregnancy, (9) concomitant medica-
tion, (10) leukocyte count < 8000 Gpt/L, and (11) C-reactive
protein (CRP) > 5.0 mg/L. All subjects completed a graded
bicycle test to volitional exhaustion and had maximal oxygen
uptake measured with an automated open circuit gas analysis
system at baseline. The highest oxygen uptake per minute was
defined as the maximal oxygen uptake (VO2 maximum).
Acute Exercise Bout Study. Exercise Protocol. All subjects
from the combined proteome and metabolome study partici-
pated in an acute exercise bout. Ten healthy males completed
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one 60-min resistance circuit training at 80% of individual
maximal power. The training sessions consisted of three repeti-
tions at different stations with 30 s break time (Figure S1A,
Supporting Information). At baseline, immediately and 24 h after
exercise blood samples were taken in the fasting state. All baseline
and postintervention blood samples were collected between 8:00
and 10:00 a.m. after an overnight fast.
Intervention Studies. In two different intervention studies
(hypocaloric diet study and bariatric surgery study), we evaluated
the association of changes of potential biomarkers with changes
of fat mass and parameters of glucose homeostasis. To compare
the biomarkers with age-, gender- and BMI-matched controls,
we used 17 healthy subjects out of our volunteer database. The
control subjects fulfill the following inclusion criteria: (1) age
35!60 years, (2) BMI 23!30 kg/m2, (3) fasting plasma glucose
< 7.0 mmol/L, (4) HbA1c < 5.5%, and (5) stable weight, defined
as the absence of fluctuations of 2% of body weight 3 months
before the study. Furthermore, the above-mentioned exclusion
criteria have been applied to the control group.
Six Months Hypocaloric Diet Study. Twelve Caucasian obese
subjects (6 females, 6 males) attending the Obesity Outpatients
Clinic at the University of Leipzig Medical Department were
recruited. Patients underwent a clinical assessment including
medical history, physical examination, DEXA scan analysis,
comorbidity evaluation as well as nutritional interviews per-
formed by a multidisciplinary consultation team. All individuals
fulfilled the following inclusion criteria: (1) fasting plasma
glucose < 6.0 mmol/L, (2) HbA1c < 6.0%, and (3) stable weight,
defined as the absence of fluctuations of >2% of body weight for
at least 3 months. In addition, the following exclusion criteria
have been defined: (1) medical and family history of type 1 or
type 2 diabetes, (2) medical history of hypertension or systolic
blood pressure (SBP) > 140 mmHg and diastolic blood pressure
(DBP) > 85 mmHg, (3) any acute or chronic inflammatory
disease as determined by a leukocyte count >8000 Gpt/l,
C-reactive protein (CRP) > 5.0 mg/L or clinical signs of
infection, (4) clinical evidence of either cardiovascular or per-
ipheral artery disease, (5) any type of malignant disease, (6)
thyroid dysfunction, (7) Cushing’s disease or hypercortisolism,
(8) alcohol or drug abuse, (9) pregnancy, and (10) concomitant
medication except contraceptives. Weight loss was achieved over
a period of 6 months by a diet providing a daily energy deficit of
1200 kcal/d (Figure S1B, Supporting Information).
Bariatric Surgery Study. Fourteen Caucasian obese subjects
(9 females, 5 males) participated in a prospective weight loss
study before and 6 months after gastric sleeve resection. The
baseline BMI was 54 ( 8 kg/m2 and the BMI 6 months after
bariatric surgery was 36.3 ( 7.3 kg/m2. Individuals fulfilled the
following exclusion criteria: (1) presence of any malignant, acute
or chronic inflammatory disease as determined by a leukocyte
count >7000 Gpt/l, C-reactive protein (CRP) > 5.0 mg/L or
clinical signs of infection, (2) detectable antibodies against
glutamic acid decarboxylase (GAD), (3) clinical evidence of
either cardiovascular or peripheral artery disease, (4) thyroid
dysfunction, (5) alcohol or drug abuse, and (6) pregnancy.
Measures of Body Fat Content, Oral Glucose Tolerance Test,
and ELISA-Assays
Measures of Body Fat Content. Body mass index (BMI)
was calculated as weight divided by squared height. Hip circum-
ference was measured over the buttocks; waist circumference was
measured at the midpoint between the lower ribs and iliac crest
(Figure S1B, Supporting Information). Percentage body fat was
measured by dual X-ray absorptiometry (DEXA).
Oral Glucose Tolerance Test. Three days before the oral
glucose tolerance tests (OGTT) patients documented a high-
carbohydrate diet. The OGTT was performed after an overnight
fast with 75 g of standardized glucose solution (Glucodex
Solution 75 g; Merieux, Montreal, Canada). Venous blood
samples were taken at 0, 60, and 120 min for measurements of
plasma glucose concentrations. All baseline blood samples were
collected between 8:00 and 10:00 a.m. after an overnight fast.
All baseline blood samples were collected in S-Monovette for
serum and plasma (Sarstedt, N€umbrecht, Germany) between
8:00 and 10:00 a.m. after an overnight fast. After centrifugation,
the aliquots were stored in 2 mL cryovials (VWR, Darmstadt,
Germany) in liquid nitrogen until processing. No further addi-
tives such as anticoagulants, preservatives, and protease inhibitors
were used. The blood samples were centrifuged immediately after
collection (10 min, 4 !C, 2500" g) and separated into aliquots as
described above. Fasting plasma insulin was measured with an
enzyme immunometric assay for the IMMULITE-automated
Table 1. Characteristics of Lean (n = 15) and Obese (n = 15) Volunteersa
lean (n = 15) obese (n = 15)
variable mean (SD) range mean (SD) range p-value
Age [years] 23.7 ((1.99) 20!27 24.1 ((3.11) 20!30
BW [kg] 81.0 ((9.68) 69.1!106.6 120.4 ((22.2) 90.9!175.5 0.0001
Height [cm] 184.4 ((6.76) 170.1!196.7 179.8 ((6.86) 168.5!191.2
BF [%] 14.5 ((3.69) 9.8!19.3 40.8 ((3.88) 35.6!49.3 0.0001
BMI [kg/m2] 23.8 ((1.77) 21.1!27.8 37.3 ((7.21) 28.3!55.8 0.0001
FPG [mmol/L] 5.0 ((0.54) 4.3!6.0 4.8 ((0.55) 3.7!5.8 0.596
HbA1C [%] 4.7 ((0.0.25) 4.2!5.1 4.8 ((0.23) 4.3!5.3 0.433
FPI [pmol/L] 57.29 ((9.1) 43.1!61.3 62.12 ((6.71) 46.3!68.3 0.109
2-h OGTT plasma glucose [mmol/L] 5.07 ((0.17) 4.8!5.4 5.09 ((0.26) 4.8!5.5 0.804
Triglycerides [mmol/L] 1.75 ((1.02) 0.83!4.55 1.95 ((1.14) 1.01!4.55 0.618
Total-cholesterol [mmol/L] 5.6 ((1.54) 4.8!8.1 5.8 ((0.99) 4.1!7.2 0.676
HDL-cholesterol [mmol/L] 1.74 ((0.55) 1.14!1.4 1.39 ((0.47) 0.63!2.25 0.074
hsCRP [mg/L] 2.77 ((0.33) 2.21!3.29 2.77 ((0.25) 2.34!3.13 0.98
a P-values are presented using unpaired Student t-test.
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analyzer (Diagnostic Products Corporation, Los Angeles, CA).
TheHbA1c values were determined with a cation exchange/high-
performance liquid chromatography method (reference values
3.4!6.0%). Serum high-sensitive CRP was measured by immu-
nonephelometry (Dade-Behring, Milan, Italy). Serum total-,
HDL-cholesterol and triglycerides were measured as previously
described (Kloting et al., 2007).
ELISA Assays. Quantitative ELISA assays for evaluation of
detected proteins by MS/MS. Proteome validation studies were
performed using the following immunoassays: Quantikine hu-
man vitamin D-binding protein immunoassay (R&D Systems,
Minneapolis, MN), Quantikine human RBP4 immunoassay
(R&D Systems), human PEDF ELISA (BioVendor, Heidelberg,
Germany), Human clusterin ELISA (BioVendor), ELISA kit for
human serum amyloid P-component (Uscn Life Science Inc.
Wuhan, China), ELISA kit for human complement component 3
(Uscn Life Science Inc. Wuhan), Quidel iC3b EIA kit (Quidel
Corporation, San Diego, CA), AssayMax human high molecular
weight kininogen 1 ELISA kit (Assaypro, St. Charles, MO) and
AssayMax human antithrombin III ELISA kit (Assaypro). All
immunoassays were performed according to the manufacturer’s
recommendations. Complement functional activities of classical,
alternative and mannose binding lectin (MBL) pathways were
measured with Wieslab complement system screen enzyme
immunoassay (Euro-Diagnostica AB, Malm€o, Sweden) descri-
bed by ref 22. The Wieslab complement assay combines princi-
ples of the hemolytic assay for complement activation with the
use of labeled antibodies specific for neoantigen produced as a
result of complement activation. Thewells of themicrotiter strips
were coated with specific activators of the classical (IgM), the
alternative (LPS), or the MBL pathway (mannan). Sera were
diluted in specific blocking buffer to ensure that only the
respective pathway is activated. C5b-9 was detected with a
specific alkaline phosphatase-labeled antibody to the neoantigen
expressed during formation of membrane attack complex. De-
tection of specific antibodies was obtained by incubation with
alkaline phosphatase substrate solution. The amount of comple-
ment activation correlates with the color intensity and was
measured in terms of absorbance (optical density, OD =
405 nm). The negative controls (NC) and positive controls
(PC) were used in a semiquantitative way to calculate comple-
ment activity. After calculation of the meanOD405 nm values for
serum samples, PC and NC the % complement activity was
calculated as follows: (Sample ! NC)/(PC ! NC) " 100.
Serum Preparation for Proteome Analysis
High-Abundance Protein Depletion. Twenty high-abun-
dance proteins were depleted from plasma using the ProteoPrep
20 Plasma Immunodepletion Kit (Sigma Aldrich, Steinheim,
Germany). Immunodepletion spin columns with 300 μL of
packed medium were used for depleting 100 μL of diluted
plasma (dilution 1:12.5 with equilibration buffer). Concentra-
tion of multiple depletions was carried out using Ultrafree-MC
Microcentrifuge Filters (NMWL 5000 Da). Protein concentra-
tion of whole and depleted plasma was determined using the
Bradford Reagent (Sigma Aldrich) with BSA as standard.
Sample Preparation for 2D Gels. One-hundred micro-
grams of serum protein (low abundance proteins) were acetone
precipitated as described elsewhere.23 The precipitate was re-
constituted with labeling buffer, pH 9.0 (7 M Urea, 2 M Thio-
urea, 4% CHAPS, 30 mM Tris). Solubilization of the precipitate
was facilitated by sonication for 30 s and the pH of the solution
was adjusted to pH 8.5. The precipitates were then labeled
using the fluorescent cyanine dyes according to the minimal
labeling protocol of the manufacturer (GE Healthcare, Munich,
Germany). The internal standard was prepared by pooling equal
proteins of each of the ten serum samples and this standard
was then labeled with 200 pmol of Cy2 dye per sample. The
remaining volume from lean or obese patients was labeled with
200 pmol of either Cy3 or Cy5 dye. For the labeling reaction, the
samples with Cy dyes were incubated for 30 min on ice in the
dark. The reaction was quenched by the addition of 1 μL of
10 mM lysine, was vortexed, and was left for another 10 min on
ice in the dark. The quenched Cy3- and Cy5-labeled samples and
the Cy2-labeled internal standard were pooled. Half of a micro-
liter of this mixture was taken for running SDS-PAGE to verify
the efficiency of DIGE labeling procedure; 370 μL of DeStreak
buffer (GEHealthcare) was then added to eachCy-labeled sample
pool, vortexed and centrifuged at 13 000 rpm for 30 min at 20 !C.
This protein solution was applied immediately onto an Immobi-
line IPGDry Strip, pH 4!7, 24 cm (GEHealthcare), as described
below.
IEF and Gel Electrophoresis. Immobiline dry strips (pH
4!7, 24 cm, GE Healthcare) were rehydrated for 12 h in dark.
The IPG strips were then focused using an Ettan IPGPhor 3 IEF
system (GE Healthcare) as described previously.24 In brief,
the stripes were focused at 500 V for 1 h, 1000 V for 7 h, and
at 8000 V for a total of 110 000 VhT at 20 !C. Each gel strip was
equilibrated twice, 15 min each time, with equilibration buffer
(6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl, pH 8.8)
containing first 1% w/v DTE and then 2.5% w/v iodoacetamide
and a pinch of bromophenol blue. The equilibrated strips
were then carefully placed on top of 12% acrylamide gels and
sealed with 1% w/v agarose. Second dimension separations were
performed on an Ettan DALTtwelve electrophoresis system
(GE Healthcare). The proteins were separated initially at
12 !C, 1 W/gel for 12 h, followed by 12 W/gel until the dye
front reached the bottom of the gel. During all stages, work was
carried out with great care to avoid its exposure to light.
Image Acquisition and Data Analysis of 2D Gels.
Immediately after the run, DIGE gels were scanned within the
gel cassettes using Ettan DIGE Imager Scanner (GEHealthcare).
The Cy2 dye was excited at 488 nm and emission spectra were
obtained at 520 nm, the Cy3 dye was excited at 532 nm and
emission spectra were obtained at 580 nm, and the Cy5 dye was
excited at 633 nm and emission spectra were obtained at 670 nm.
The gels were visualized and first evaluated with the Image
Quant Software, whereby all the three images as well as an
overlay image of these images were checked individually. After
scanning, the gels were removed from the gel cassette and were
stained overnight with blue silver staining procedure. DIGE gel
analysis was performed with Delta2D 3.6 software (Decodon,
Greifswald, Germany) with advanced image processing algo-
rithms that permits image fusion using internal standards, back-
ground subtraction, normalization, and relative quantitation of
proteins from different images. Following automated spot detec-
tion, each spot was manually verified and edited using 3D view
algorithm. Differentially expressed spots were identified after
filtering the 0.5!2.0% ratio volume of the spots on different
gels. Furthermore, p-value was set at <0.05 in all statistical group
comparisons. Only these spots were given an identification
number for further analysis.
In-Gel Digests and Sample Preparation. Protein spots
of interest were cut from polyacrylamide gels and digested
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overnight using trypsin as described elsewhere.25 The spots were
washed two times with water/acetic acid/ethanol (50:5:45 v/v)
for one hour. The gel spots were shrunk by the addition of
acetonitrile, reduced and alkylated with DTT and Iodoaceta-
mide. Afterward, the gel slices were incubated with 5 mM
ammonium bicarbonate, followed by incubation with acetonitrile
100% and dried by vacuum centrifugation. The dried gel pieces
were swollen by adding trypsin in ammonium carbonate buffer
(100 mM, pH 8.5) and were incubated at 37 !C for 12 h.
Extractions of peptide were performed with extraction buffer
containing acetonitrile/water/formic acid (5: 4.4:0.6 v/v). The
extracted peptide solutions were then completely dried using
vacuum centrifugation. After that, the precipitates were recon-
stituted with 10 μL of 5% acetonitrile in 0.1% trifluoroacetic acid;
0.5 μL of this peptide extract and 0.5 μL of HCCA were mixed
and spotted on ground steel target plates (Bruker Daltonics,
Bremen, Germany).
Protein Identification
Protein Identification by MALDI-MS/MS. Peptide identi-
fication was carried out with MALDI-TOF MS/MS (Ultra Flex
III TOF/TOF, Bruker Daltonics, Bremen, Germany) using
ground steel MTP 384 target plate (Bruker Daltonics) according
to the manufacturer’s instructions. In brief, the samples were
prepared by mixing equal volumes (1 μL) of sample and HCCA
matrix (0.1 g/L of α-Cyano-4-hydroxycinnamic acid) and were
then spotted onto the ground steel MTP 384 target plate.
The solution was allowed to evaporate at room temperature.
Spectra were obtained on an MALDI-TOF/TOF mass spectro-
meter (Ultraflex III, using FlexControl software Vs. 3.0; Bruker
Daltonics) as described earlier.25 In brief, the instrument was
operated at pulse rates of 100 Hz; pulse ion extraction delay was
set to 400 ns as described earlier.26 Measurements were carried
out in positive reflector mode using an acceleration voltage of
25.0 kV (ion source 1) and 21.85 kV (ion source 2). Lens voltage
was 9.5 kV, reflector voltages were 26.3 and 13.7 kV.Mass spectra
were recorded in the m/z range between 200 and 3500. If
possible, up to 10 MS2 spectra were performed. The spectra
were processed by the software FlexAnalysis (Bruker Daltonics).
Thereafter, a database search was conducted using the MS/MS
ion search (MASCOT,Matrix Science, London, U.K.; version 2.2)
against all metazoan (animals) entries of NCBInr (GenBank)
with subsequent parameters trypsin digestion, up to one missed
cleavage; fixed modifications carbamidomethyl (C); and with the
following variable modifications, oxidation (M), peptide tol.( 1.2
Da, MS/MS tol. ( 0.6 Da, peptide charge +1, +2 and +3.
Protein Identification by Nano-LC!ESI!MS/MS. In
cases of ambiguous identifications and for all validated proteins,
the identification was repeated by measurement by LTQ-Orbi-
trap-MS (Thermo Fisher Scientific, San Jose, CA). In-gel diges-
tion samples were injected and concentrated on a trapping
column (nanoACQUITY UPLC column, C18, 180 μm "
2 cm, 5 μm, Waters, Eschborn, Germany) with water containing
0.1% formic acid at flow rates of 15 μL/min as described in ref 27.
Peptides were eluted onto a separation column (nanoACQUITY
UPLC column, C18, 75 μm " 250 mm, 1.7 μm, Waters) and
separation was done over 30 min with a 2!40% solvent B
gradient (0 min, 2%; 2 min, 8%; 20 min, 20%; 30 min, 40%).
Scanning of eluted peptide ions was carried out in positive ion
mode in a rangem/z 350!2000, automatically switching to CID-
MS/MS mode on ions exceeding an intensity of 2000. For CID-
MS/MS measurements, a dynamic precursor exclusion of 3 min
was applied. Proteins were identified by database search using
MASCOT (MASCOT (Matrix Science, London, U.K.; version
2.2) and SEQUEST (Thermo Fisher Scientific, San Jose, CA;
version 1.0.43.0).
Targeted Metabolomics
Targeted metabolite profiling by electrospray ionization (ESI)
tandem mass spectrometry (MS/MS) was performed at Bio-
crates Life Sciences AG, Austria (http://www.freepatentsonline.
com/20070004044.html). Briefly, a targeted profiling scheme
was used to quantitatively screen for 163 metabolites using
multiple reaction monitoring, neutral loss and precursor ion
scans. The quantification of the metabolites of the biological
sample was achieved by reference to appropriate internal stan-
dards. The method is proven to be in conformance with 21CFR
(Code of Federal Regulations) Part 11 and has been used
successfully in the past in various applications.14,15,21
Statistical Analysis
The abundance of proteins and metabolites was measured by
means of 2D-DIGEand targeted ESI-MS, respectively, as described
above. It is quantified in units of relative abundance in relation to
the respective reference marker. Differences between the two
groups (lean and obese, group size =5) at the three different times
of treatment (“pre”, “post” and “24h”) were determined using the
two sample t test. It is applied to the logged abundance data, which
distribute normally to a good approximation (data not shown).
The significance level was set at p < 0.05. The false discovery rate
(FDR) was estimated as a function of p from the distribution of p-
values using the software fdr-tool.28 For the proteins and metabo-
lites we obtained FDR = 0.25 and 0.35 at the significance level,
respectively. Hence, between about one-fourth and one-third of
the selected features are supposed to be false positives. For a more
strict selection, only features which are significantly different at all
three treatment times are considered for downstream analysis.
These features are assumed to reflect the difference between lean
and obese test persons, independent of their physical conditioning
(see Venn-diagram in Figure 2C group comparison).
Parameters significantly changing with time were detected for
lean and obese persons using analysis of variance (ANOVA)with a
significance threshold of p < 0.05. Prepost comparisons in the two
intervention studies have been performed using student’s t test.
P < 0.05 was considered as significant. Multiple linear regression
analyses have been performed to test whether identified para-
meters predict changes in body fat mass independently of other
factors including weight, BMI, HbA1c, etc. Only parameters with
significant differences between lean and obese in at least one of the
three conditions are selected to focus on differential features
between the test groups (see Venn diagram in Figure 2C for time
comparison). Volcano plots of the logged p-value as a function of
the logged fold change (FC) are used to visualize the test results.
It should be noted that p-values might fall below the significance
threshold for vanishing logFC values in this representation in
contrast to Volcano plots representing the results of paired t
tests.29 Selected proteins were assigned to functionally related sets
and pathways of proteins using the GENE CARDS database30
(Figure 1 and Figure S2, Supporting Information).
Independent Component Analysis and Pairwise Correlation
Maps
Independent component analysis (ICA) was performed to
visualize the similarity of selected features between the test
groups at different conditions.31 This method decomposes
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multivariate data sets into statistically independent components
of variance. ICA enables efficient decomposition of non-
Gaussian data distributions in contrast to Principal Compo-
nent Analysis (PCA), which efficiently applies only to Gaussian
variables. Application of ICA to metabolomics, proteomics and
combined data sets is more informative than PCA as has been
demonstrated previously32 mainly due to this fact. The ICA plots
show each sample in the coordinates of the two topmost
independent components. Different samples will arrange in
parallel to one of the ICA-axis if their behavior is governed by
dependent features and in perpendicular direction if the respec-
tive features change independently. ICA was separately applied
to metabolomics and proteomics data and to a combination of
both data sets as well. The individual features of this integrated
“transomic” data set were transformed into z scores, z = (x!m)/
σ, before ICA analysis. x andm denote the individual feature and
its mean over the replicates in logarithmic scale with σ as
respective standard deviation. We defined the normalized group
separation index (GSI) to assess the power of each data set
discriminating between the experimental groups (obese versus
lean and time-dependent effects) in ICA-coordinates as GSI =
(mean distance between the samples of different groups)/(mean
distance between the samples of the same group). The separation
between the groups and thus the classification power of the
respective data increase with the GSI-value as illustrated in
Figure 5. Each experimental group is coded by one color. Full
and open dots assign the individual measurements and the group
centroids, respectively. The dashed and the dotted circle indicate
the mean intragroup and intergroup distances, respectively.
In addition to ICA, we generated pairwise correlation maps
(PCM) to visualize the Pearson correlation coefficients of the
molecular profiles in all pairwise combinations of samples. PCM
were calculated separately for metabolomics and proteomics data
and for the integrated “transomics” data set in analogy to the ICA
Figure 1. DIGE of serum proteome reveals pathways regulated in obesity. (A)Gel displays a representative example of serum from a lean volunteer. (B)
Quantification of selected spots and area maps of C3, C3b and RBP4. (C) Pathway related gene enrichment is shown by values (black circles) of fold
changes from regulated proteins annotated to the various pathways. The pathway cumulated p-values are calculated and significantly enriched pathways
(p < 0.05) are marked by asterisks.
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analysis. PCM heat map visualization is combined with hierarch-
ical clustering to estimatemutual similarities between the samples.
Pathway Analysis
Selected proteins were associatedwith concepts ofmolecular and
physiological function and assigned to functional sets of proteins
making use of theGENECARDS database as described inHenegar
et al.30 Set-wise averaging of the logged FC values over the set
members provides estimates of the set-related overexpression and
of the respective standard error, which allows interpretation of
concerted changes of protein abundance in a functional context (see
ref 33). Fold changes ofmembers of each set in pairwise comparison
between lean and obese test persons are shown as box plots
indicating the median as well as the 25 and 75% interquartile ranges
(Figure 1 and Figure S2, Supporting Information). Set members
with significant fold changes in their abundance were presented
separately by filled circles in Figure 1D (Table S5, Supporting
Information). The p-value, which has been obtained from averaged
t-scores of all set members, allows us to estimate the significance of
the observed fold changes of each set (threshold p = 0.05).
Comparison of Treatments
Baseline-post fold changes of selected markers are com-
pared in nutrition and surgery treatments in study 2 using
appropriate correlation plots. The significance of the FC-values
was estimated by means of the t test with a significance threshold
of p = 0.05. Further, multiple linear regression was applied
to estimate the effect of selected clinical factors (Table 1). This
model assumes a linear relation between the molecular and
clinical markers. The obtained regression coefficients (“beta”-
coefficients) estimate the statistical weight of each clinical marker
in the linear combination of all markers.
’RESULTS
Identification of 4 Proteins as Exercise-Independent and 7
Proteins as Exercise Dependent Predictors of Fat Mass
Differences in Healthy Individuals
Combined serum proteome and metabolome analyses were
performed in five lean and five obese healthy young men,
which have been matched for age and health status (Table S1,
Figure 2. Serum protein fingerprint from healthy lean and obese subjects. The relative changes in abundance of proteins are displayed as Vulcano plots
for (A) group dependant comparisons and (B) time comparisons. Minus log fold-change (FC) in A indicate upregulation in obese subjects. The
horizontal dotted line represents the significance threshold (p < 0.05) and the significantly regulated proteins are highlighted in red. The results are
summarized as (C) Venn diagram exhibiting the commonly and specifically affected proteins.
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Supporting Information). To exclude exercise-dependent circu-
lating protein changes, the serum proteome was analyzed at three
points in time: at baseline, immediately after a one-hour exercise
bout and after 24 h of regeneration (Figure S1A, Supporting
Information). Only those proteins were taken into account that
significantly differ either at all three points between the two
groups (group effect) or between the points in time independent
of the obesity status.
The depletion of 20 high abundant proteins from the serum,
including albumin, resulted in gels resolving up to 289 protein
spots (Figure 1A) from which 135 spots were detectable for all
of the conditions studied (Table S2, Supporting Information). To
allow a quantitative analysis of affected pathways all spots were
subjected to protein identification so that the number of proteins
belonging to certain pathway was used as normalization since the
affected spots were determined. Only 6 out of these 126 spots
(Table S3, Supporting Information, Figure 2A) showed significant
differences between lean and obese individuals at all points in time
(Figure 2A and C group comparison). These spots are assigned
to four different proteins (Table S3, Supporting Information): the
C3d fragment, C3 complement, C3b complement and CLU.
Examples of the quantification of spots using DECODON
software are shown in Figure 1B for C3 (Spot no.163; Table S2,
Supporting Information) and two isoforms of RBP4 (Spot
no.192 and 194; Table S2, Supporting Information). Interest-
ingly, 66 out of the 126 regulated spots represented proteins that
are related to pathways of apoptosis, classical, alternative or lectin
pathways of complement activation (Figure 1C). These changes
of set-related protein abundances between lean and obese meet
the significance criterion for the pathway-related protein sets
despite the relative large scattering of the individual data. In fact,
no statistically relevant differences between lean and obese could
be identified after applying the analogous analysis using disease-
related protein sets (Figure S2, Supporting Information).
To extract the time effect, correlating with treatment, we
performed ANOVA analysis separately for the data of both test
groups: In the proteome study of fat mass independent protein
changes in response to an acute exercise bout, 37 spots were
found to vary significantly for obese and 39 for lean persons.
Their assignment to different groups is displayed in the Volcano
plots and Venn diagram (Figure 2B and C). The following seven
proteins regulated in both groups were identified: C3, PEDF,
Figure 3. Validation of differentially expressed proteins by ELISA. On the basis of spot density, (A) significant regulation of spot 118 was found, the
identification yielded (B) KNG1 and (C) SERPINC1 with significant scores. The ELISA of both KNG1 and SERPINC1 evaluated SERPINC1 as the
most relevant affected protein (C). ELISA data fromC3, IC3b, CLU, PEDF, APCS, RBP4 and VDBP are shown as means with SEM in D!J. White bars
represent lean, black bars indicate obese subjects. Every single value is shown as red circle. Lines above bars indicate significant (p < 0.05) changes
between groups using unpaired Student t test.
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SAP, RBP4, VDBP, AT III and KNG1 isoform 2 (Figure 3A,
Tables S2, S3, Supporting Information). In spot no. 118 (for
quantification see Figure 3A) AT III and KNG1 isoform 2 were
found with similar scores (Table S2, Supporting Information).
By means of specific ELISAs, we confirmed protein differences
for C3 and CLU at all three points in time, for C3b, PEDF, RBP4,
VDBP and AT III at two points and for SAP at a single point.
Identification of Six Metabolites As Exercise-Independent
Predictors of Fat Mass Differences in Healthy Individuals
We investigated the metabolomic profiles of the same ten
healthy lean and obese subjects at the three points in time with
a prespecified particular focus on circulating amino acids, fatty
acids, phospholipids and sphingolipids by targeted analysis of
163 metabolites34 (Figure S1A, Supporting Information).
Figure 4A shows results of paired t tests designed in correspon-
dence with the analysis of proteome data. The abundance of six
metabolites significantly differs between lean and obese volun-
teer’s at all three points. Particularly, GLY, GLN and glycero-
phosphatidylcholine 42:0 (PCaa 42:0) were up-regulated
whereas glycero-phosphatidylcholine 32:0 (PCaa 32:0), gly-
cero-phosphatidylcholine 32:1 (PCaa 32:1) and glycero-phos-
phatidylcholine 40:5 (PCaa 40:5) were down-regulated in obese
volunteers (Table S4, Supporting Information). We identified
13 metabolites in the obese and 19 in the lean group, which were
significantly and independently of fat mass differences altered in
response to the exercise bout. Among them, six metabolites were
commonly affected in both groups, that is, the carnitines C2,
C10:1, C14:1-OH, C14:2, C18:1 and C18:2 n (Figure 4;
Table S4, Supporting Information). The values for the enlarged
cohort confirm these results on a broader basis (see Table S6,
Supporting Information).
Combined Analysis of Proteome and Metabolome Data
Sets Markedly Improves Discrimination between Lean and
Obese Individuals
Proteome and metabolome data were either separately or
combined subjected to ICA analysis in order to test if regulated
proteins or metabolites or the combination of both data sets
allow a better discrimination between obese and lean individuals
Figure 4. Metabolomic fingerprint from healthy lean and obese subjects. The relative changes in abundance of metabolites are shown as Vulcano plots
for (A) group dependant comparisons and (B) over time. Minus log fold-change (FC) in A indicates up-regulation in obese subjects. The horizontal
dotted line represents the significance threshold (p < 0.05) and the significantly regulated metabolites are highlighted in red (glycine and glutamine),
blue (PCaa) and yellow (carnitines). The results are summarized as (C) Venn diagramm exhibiting the commonly and specifically affected metabolites.
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and/or between the exercising conditions (Figure 5). ICA
aggregates the set of proteins and/or metabolites studied into
one point per sample in the two-dimensional coordinate system
spanned by the two most relevant independent components
(Figure 5). The mean position characterizing each condition
was calculated as the center of gravity of the respective replicated
samples (small open circles). The dashed circle drawn about each
center of gravity illustrates the mean Euclidian distance between
the replicates as a measure of their variability.
The ICA-plots thus show one cloud of replicated samples
with different mutual distances between their centers of gravity
referring either to the different points in time or volunteer
groups. The sequence of points in response to an exercise bout
is indicated by the arrows separately for obese and lean volun-
teers (Figure 5A!C). These trajectories reveal that both the
proteome and metabolome profiles markedly change immedi-
ately after exercising. Upon regeneration, the profiles returns
toward the baseline situation partly with the tendency of over-
compensation. Note also that these treatment-induced trajec-
tories of both groups are roughly directed in parallel but shifted
to each other in perpendicular directions. In ICA-coordinates,
this fact indicates that the differential features between both
groups are mostly independent of the differential features
describing the treatment.
Themutual separations between the centroids are different for
the proteomic, metabolomic and combined data sets. They were
estimated in terms of the group separation index (GSI), which is
defined as the mean distance between the different centroids
divided by the mean distance between the replicates about
the centroids. Hence, the larger the GSI-value the better the
different conditions are resolved in the ICA coordinate system.
The separate consideration of proteome and metabolome
data provides similar values of GSI = 2.02 and 2.16, respectively
(Figure 5A, B) whereas the combined ICA-analysis of both data
sets markedly improves the discrimination between the different
conditions (GSI = 2.61). In addition, we estimated partial GSI
values between selected subgroups to characterize their relative
distance in the ICA plot as simple measures of their discrimina-
tion power. At all conditions, proteome data outperform meta-
bolome data for group separation lean versus- obese (Figure
S3A, Supporting Information), whereas the reverse relation was
observed for the discrimination between the different points
in time (Figure S3B, Supporting Information). On one hand,
the former result can be partly attributed to the preselection
of differently expressed proteins in our study while the set of
metabolites contains more analytes not different between the
groups. On the other hand, similar preselection of metabolite
data does virtually not change the observed differences because
the respective noise is largely filtered out by ICA-analysis (data
not shown). Hence, the obtained combined transomics data set
outperforms the single-omics data in terms of group separation
(compare Figure 5C with 5A and B). Trivially, this gain of
Figure 5. ICA analysis of single and of integrated data sets by ICA. ICA of (A) proteome and (B) metabolome data results in modest group separation
which is improved by (C) analysis of an integrated data set. The dashed circles illustrate the variability of the five replicates measured at each condition.
The group separation index (GSI) is calculated as the mean distance between the samples of different groups divided by the mean distance between the
samples of the same group. The arrows illustrate the sequence of time points.
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performance at least partly results from the increased sample
size of the combined data set. However, also the complemen-
tary sensitivity of the metabolome and proteome characteristics
for short and long-term effects discussed above is expected to
improve the discrimination power of the combined data owing to
the explicit consideration of the covariance information between
both data sets.
Concerted changes of metabolites and proteins are likely
to be functionally associated with consequences for mutual
correlations between both data sets. The PCM heat maps
(Figure 5D!F) illustrate the degree of these correlations in all
pairwise combinations of the samples. Panels D!F of the figure
refer to the proteome, metabolome and to the integrated data set,
respectively. Strong positive and negative correlations are coded
in red and blue colors, respectively, while weak correlations are
shown in black. Hierarchical clustering groups samples of similar
correlations closely together forming red squared areas about the
diagonal line in the PCM. As expected, proteome data distinguish
well between the obese and lean groups (Figure 5D, the color
bars at the edges of the maps code the different conditions), but
with virtually poor separation between the different points
in time of conditioning. Metabolome data show a tendency to
cluster these time points together (Figure 5E). The integrated
data clearly separate both experimental dimensions, namely long
and short-term conditions (Figure 5F). In assessing the cluster
structures, one has to take into account that the rotation of
branches about their parent root does not change the informa-
tion content. Detailed inspection of the heat map reveals that
the obtained pattern is stabilized by positive and negative
correlations that accumulate in diagonal and off-diagonal direc-
tion, respectively. Especially the latter type of correlations is
much stronger expressed in the integrated data than in the single
data. This result supports our hypothesis that cross-correlations
between protein and metabolite concentrations improve the
separation of different conditions in an orthogonal fashion.
Effect of Weight Reduction on Circulating Proteome and
Metabolome Markers
To further investigate whether differences in serum proteome
between lean and obese healthy individuals correlate with differe-
nces in body fat mass, we studied the effect of two weight loss
strategies (diet and bariatric surgery) on anthropometric, clinical
parameters (Table 2) as well as the differentially abundant
proteins and metabolites. The protein levels of iC3b, CLU and
ATIII were significantly reduced in the diet group, whereas more
extensive weight loss in the bariatric surgery study caused
significant changes in C3, CLU, PEDF, RBP4 and VDBP serum
concentrations. The full set of proteomic and metabolomic
parameters obtained in the intervention study is summarized in
Table S7 (Supporting Information). Multivariate linear regres-
sion models were used to test whether changes in the serum
parameters are independent of changes in BMI, % body fat and
parameters of insulin sensitivity as well as glucose metabolism.
Serum protein concentrations of CLU, PEDF, SAP, RBP4
and AT III significantly correlate with body fat mass even after
adjusting to age, gender and HbA1c (Table S8A, Supporting
Information). The corresponding metabolomics approach
showed significant correlations with changes in % BF for GLN,
Carnitine C14:1OH, C18:1, C18:2 and C2 (Table S8B, Support-
ing Information). In addition, GLN, PCaa40:5, Carnitine
C10:1 and C14:1OH correlate significantly with HbA1c. In the
intervention studies, changes of CLU, PEDF iC3b and the
metabolites GLN and PC 42 show significant correlations with
changes in body fat mass after adjustment to age, gender, HbA1c
and FPI (Tables 3 and 4). Interestingly, the changes in concen-
tration of VDBP were not correlated to body fat changes.
’DISCUSSION
Obesity is associated with an increased risk for metabolic
and cardiovascular (CV) diseases. Altered secretion of bioactive
molecules from excessive and dysfunction adipose tissue of
most patients with obesity may at least in part be affected by
this relationship.2 Many novel adipokines, which could link fat
accumulation to metabolic and CV diseases, have been described
in the past decade. However, we intended to identify further
circulating factors by combining proteomic and metabolomic
approaches. In an exploratory study we compared the circulating
proteome and metabolome, of 5 lean to 5 obese healthy young
male volunteers (Table S1, Supporting Information), to exclude
potential influences of already existing obesity-related comorbid-
ities. The identified markers were then further analyzed in a set of
Table 2. Clinical Characteristics of Study 2 Subjectsa
control (n = 17) low-carbohydrate diet (n = 12) bariatric surgery (n = 14)
baseline baseline 6 month post p-value baseline 6 month post p-value
Age [years] 49 ((11.4) 49 ((2.71) 41.9 ((13.29)
Type 2 diabetes — no. [%] 0 0 0 8 0
Height [cm] 167.8 ((8.61) 171 ((10.27) 173.6 ((9.328)
BW [kg] 74.8 ((11.3) 107.0 ((16.23)b 101.3 ((14.32)b <0.001 164.0 ((33.83)b 110.6 ((28.31)b <0.001
BF[%] 32.5 ((8.4) 38.0 ((2.9)b 35.4 ((3.0) <0.001 56.1 ((8.3)b 38.5 ((7.2)b <0.001
BMI [kg/m2] 26.48 ((2.7) 36.42 ((2.77)b 34.51 ((2.53)b <0.001 54.00 ((8.05)b 36.31 ((7.25)b <0.001
HbA1 c [%] 4.92 ((0.3) 5.67 ((0.1 4)b 5.44 ((0.12)b 0.002 6.57 ((0.85)b 5.76 ((0.35)b <0.004
FPG[mmol/L] 5.21 ((0.6) 5.34 ((0.37) 5.36 ((0.26) ns 6.07 ((0.63)b 5.66 ((0.28)b <0.0122
FPI[pmol/L] 72.0 ((33.1) 122 ((28.1)b 89 (21.2) 0.008 382 ((1 64)b 182 ((72.4)b <0.001
Triglycerides [mmol/L] 1.46 ((0.78) 1.71 ((0.16) 1.49 ((0.13) 0.0011 2.29 ((0.49)b 1.75 ((0.28) <0.002
HDL-cholesterol [mmol/L] 1.40 ((0.28) 1.04 ((0.1 7)b 1.21 ((0.14)b 0.009 0.91 ((0.18)b 1.33 ((0.22) <0.001
hsCRP[mg/L] 1.39 ((0.51) 2.11 ((0.76)b 1.60 ((0.60) 0.0019 4.36 ((1.43)b 1.50 ((0.68) <0.001
aData are presented as mean( SD.; † indicate b b p < 0.05 using unpaired t-test statistics to compare control vs. treatment time point, p-value represent
time effect within group.
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15 lean vs 15 obese volunteers (Table 1). All protein markers
found in the smaller group were confirmed analyzing a 3-fold
larger group and using an independent method of quantification.
This can be explained by the fact that DIGE detects the proteins
of higher and intermediate abundance and by the applied
stringent statistical filters. To minimize the risk of identifying
proteins and metabolites that reflect differences in physical
activity between the groups, we applied an acute exercise bout
study as a filter for those circulating factors.
Our proteome analysis revealed a higher abundance of C3,
C3b, PEDF, SAP, RBP4, VDBP and ATIII in healthy obese than
in lean individuals. The application of 2D gel electrophoresis
enabled us to further detect post-translational modifications of
proteins including C3, C3b and RBP4. Targeted metabolite
profiling identified the amino acid GLN, and the carnitines
C14:1OH, C18:1, C18:2 and C2 as differentially abundant in
the serum of the two groups. In fact, these parameters were
different in lean and obese individuals independently of physical
activity status. Opposing lean and obese subjects, a transomics
approach of proteome and metabonome data set increases the
discrimination power of the data between both the treatment
groups and treatment conditions compared with “single-OME”
sets of metabonomic or proteomic data using the GSI-score as a
simple criterion based on ICA analysis. We confirmed the
potential role of these circulating factors as biomarkers of fat
mass or potential mediators of obesity-associated disorders by
demonstrating that changes in fat mass in response to a diet or
bariatric surgery are reflected by changes in CLU, PEDF, RBP4,
iC3b, GLN and glycero-phosphatidylcholine PCaa 42:0.
Fat Mass-Related Proteome Biomarkers
Our analysis aimed at identifying proteomic biomarkers in
early stages of obesity without comorbidities, first, related to fat
mass itself and, second, related to changes of body fat mass. By
means of 2D gel electrophoresis, we identified 6 isoforms of C3
complement to be up-regulated in serum of young males with
obesity and confirmed these differences by ELISA (Figure 3). C3
was not influenced either by one hour exercise treatment or by 24
h of regeneration and consistently discriminates lean and obese
subjects (Figure 3D). It has previously been shown that C3 is
secreted by adipocytes35,36 and that its fragment C3a-des-Arg, or
acylation-stimulating protein,37 is a potent enhancer of glucose
transport and triacylglycerol synthesis.38 After bariatric surgery
and low-carbohydrate diet, C3 was down-regulated (Table S7,
Supporting Information). Interestingly, correlation between
circulating C3 and body fat mass was discarded after adjustment
to age, gender and HbA1c (Tables S8A and 3, Supporting
Information). In the past decade, it has been revealed that C3
is highly expressed in adipose tissue of obese individuals.39,40 In
addition, C3 was shown to predict the risk of atrial fibrillation41
or coronary artery disease42 better than CRP levels. Our results
further suggest that complement C3 plays a role as an early
marker for obesity-related cardiovascular diseases.
CLU is a nearly ubiquitously expressed ∼80 kDa disulfide-
linked heterodimeric protein. In serum, it acts as an apolipopro-
tein, which at least partly associates with high density lipo-
protein.43 CLU has been functionally implicated in several
physiological processes as well as in many pathological condi-
tions including aging, diabetes, atherosclerosis, degenerative
diseases, and tumorigenesis. The spectrum of proposed functions
of CLU includes lipoprotein transport, inhibition of comple-
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migration, and apoptosis44 as well as suppression of the growth of
extracellular amyloid.45 Our exercise bout study shows opposite
expression pattern of CLU after one hour of exercise in lean and
obese volunteers (Figure 3F). CLU gene expression was shown
to be regulated by cytokines, growth factors, heat shock proteins,
radiation and oxidative stress.46 Since acute exercise may increase
circulating reactive oxygen species (ROS)47 and cytokines,48
increased ROS production might underlie the observed exercise-
dependent increase in serum CLU. Changes of CLU correlate
with body fat mass independent of age, gender, HbA1c and
fasting plasma insulin (Table 3).
PEDF is one of the most abundant proteins secreted by
human adipocytes and induces insulin resistance in adipocytes
and skeletal muscle cells.49 Elevated PEDF plasma concentra-
tions have been reported in patients with metabolic syndrome
and type 2 diabetes, abdominal fat distribution and in individ-
uals with high triglycerides, creatinine and TNF-alpha serum
concentrations.50!52 In our study, elevated levels of PEDF were
already abundant in young obese subjects without clinical signs
of altered glucose homeostasis and could be reduced by
acute exercise (Figure 3G) and substantial weight loss follow-
ing bariatric surgery (Table S7, Supporting Information). This
suggests PEDF as an early marker of obesity-related metabolic
comorbidities, also in accordance with a previous study showing
decreased PEDF concentrations after significant weight loss.53
Serum PEDF correlates with body fat mass even after adjustment
to age, gender and HbA1c (Table S8, Supporting Information).
In contrast to sleeve gastrectomy, low carbohydrate diet-asso-
ciated weight loss was not sufficient to significantly decrease
circulating PEDF levels (Table S7, Supporting Information).
PEDF has been shown to contribute to insulin resistance in
obesity.54 Our data indicate that increasing fat mass may be the
earliest underlying mechanism for the relationship between
elevated PEDF levels and altered insulin sensitivity.
SAP activates the classical component pathway and was shown
to be involved in inflammation.55!57 In this study, we detected
elevated levels of SAP in obese subjects independently of an
acute exercise bout (Figure 3H). Hence, we confirm previous
results of elevated SAP in obesity.58 Comparing sleeve gastrect-
omy and low carbohydrate diet, the dynamic in SAP serum
concentrations has a divergent pattern (Table S7, Supporting
Information). Substantial weight loss after surgical obesity treat-
ment was associated with significantly decreased circulating SAP
levels, whereas increased SAP was observed in patients with
moderate weight loss after 6months hypocaloric diet. Circulating
SAP correlates with age and % body fat, independently of age,
gender and HbA1c (Table S8, Supporting Information). How-
ever, changes in fat mass after the two different weight loss
strategies were not related to changes in SAP serum concentra-
tions, finally implying that adipose tissue does not represent
the major source of SAP. SAP has been suggested to bind to
chromatin in apoptotic cells, thereby repressing formation of
autoantibodies.59 In the context of our study, elevated levels of
SAP may indicate subclinical chronic inflammation already in
healthy obese individuals.
The identification of elevated RBP4 serum concentrations in
obese compared to leanmen by the proteomics approach testifies
that the method is able to detect previously reported markers of
increased fat mass. RBP4 has gained a lot of attention after the
initial notion that it is elevated in the serum of insulin-resistant
humans and mice60 and that increased RBP4 serum concentra-
tions are associated with many components of the metabolic
syndrome.61 In patients with obesity and type 2 diabetes, RBP4
was shown to be predominantly secreted from visceral adipose
tissue.62 However, as of today, a causal link between elevated
serum RBP4 and increased fat accumulation beyond simple
association could not be established convincingly. Our gel-based
approach showed expression of two different isoforms of RBP4
up-regulated in obesity (Figure 1A!B). Both isoforms increased
significantly after a one-hour exercise bout in lean volunteers and
decreased in obesity (Table S3, Supporting Information). Our
data points toward a previously unrecognized role of RBP4
isoforms that should be further investigated in the context of
obesity. RBP4 isoforms were not further investigated, but it
should be kept in mind that isoforms can be important for the
regulation of biological processes.63,64 Using ELISA to confirm
our 2D approach with independent methods, RBP4 is differen-
tially expressed in sera of obese volunteers (Figure 3I). After a
one-hour exercise workout, significant differences between lean
and obese were investigated. Interestingly, after 24 h of regen-
eration, the differences between the two groups have finally been
achieved (Figure 3I). Increased serum RBP4 levels have been
reported in subjects with obesity, insulin resistance, low grade
chronic inflammation and type 2 diabetes61 and in other insulin-
resistant states, such as nonalcoholic fatty liver disease.65 These
pathological processes are also related to inflammation,66 as
reported for acute exercise.67 Our results indicate that the serum
expression rate of RBP4 is influenced by acute changes in
metabolism and after long-term changes of glucose homeostasis
by sleeve gastrectomy (Table S7, Supporting Information). This
argument is supported by the fact that sleeve gastrectomy has
been shown to rapidly increase insulin sensitivity68 and thereby
indicate a correlation with loss of fat mass.69 In contrast to further
recent studies, we were not able to detect an effect of hypocaloric
diet in order to decrease RBP4 serum levels.68 However, we
could confirm an independent significant correlation of circulat-
ing RBP4 with body fat mass as well as changes in body fat
percentage (Table S8, Supporting Information). Supporting
previous data, the association between RBP4 and reduced body
fat after 6 months was stronger than its association with BMI.70,71
Circulating RBP4 levels also correlate with ectopic fat accumula-
tion in the liver, visceral fat and skeletal muscle.72 One potential
mechanism for reduced RBP4 levels after bariatric surgery could
therefore be a reduction in these ectopic fat depots.
VDBP is the major serum transport protein for vitamin D
sterols.73 The protein has been reported to be associated with
diabetes and hyperglycemia in PIMA Indians and other ethnical
groups.74,75 We found significantly higher VDBP serum concen-
trations independently of the physical activity status in obese
than in lean subjects (Figure 3J). After sleeve gastrectomy, VDBP
levels decreased significantly but did not normalize, whereas
low calorie diet was not sufficient to alter circulating VDBP
(Table S7, Supporting Information). Furthermore, VDBP serum
concentrations do not correlate with body fat mass (Table S8,
Supporting Information). VDBP is a carrier protein for vitaminD
hormone and the affinity of VDBP for 1.25 (OH)2 vitamin D3,
and 25-OH-vitamin D3 differs depending on the genotype.76
Vitamin D plays a role in the pathogenesis of impaired glucose
homeostasis and has been associated with both insulin sensitivity
and beta-cell function among individuals at risk for type 2
diabetes.77!79 Thus, it is tempting to speculate that VDBP affects
glucose metabolism by modulating the action of metabolites
of vitamin D. Winters et al. (2009) showed that VDBP is not an
important determinant of circulating 25OHD in women and that
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it is not affected by adiposity.80 On the other hand, morbidly
obese patients seeking bariatric surgery are often deficient in
Vit D.81 This fact can explain why VDBP only shows changes in
sleeve gastrectomy patients (Table S7, Supporting Information).
Furthermore, it is recognized that bariatric surgery causes a
hypovitaminosis of vitamin D.82 To sum up, these findings shed
light on a putative role of vitamin D-binding protein, but further
investigations are necessary.
AT III exerts its function by inhibiting thrombin and is
therefore involved in the regulation of coagulation.83 Hemostasis
is disturbed in obesity-related disorders such as Type 2 Diabetes
and, therefore, it is characterized as a hypercoagulable state.84
This state could be caused by either an increase of pro-coagglu-
tination factors or a deficiency of anticoagglutination factors.
We found elevated levels of AT III in obese subjects (Figure 3C).
AT III serum concentrations correlate with body fat mass and
HbA1c independently of age and gender (Table S8, Supporting
Information). However, changes in body fat mass upon the two
intervention strategies were not associated with changes in AT III
levels, suggesting that fat mass does not directly cause elevated
circulating AT III.
Taken together, the candidate biomarkers C3b, CLU and
VDBP need further replication studies to identify the impact on
the pathomechanism of obesity related disorders.
Fat Mass-Related Metabolome Biomarkers
Here, we detected GLN, the most abundant amino acid in
plasma and in skeletal muscle (Lacey and Wilmore, 1990),
and GLY as the strongest differentially abundant metabolite
discriminating obese from lean subjects (Table S4, Supporting
Information). Glutamine has been reported to play a role in
maintenance of skeletal muscle, immune system function as well
as glucose and glycogen metabolism.85 Obese subjects exhibited
significantly lower levels of glutamine at baseline and over
the time course of physical activity and regeneration (Table S4,
Supporting Information), finally indicating a robust association
of this amino acid with obesity. Lower GLY serum concentra-
tions can be increased by bariatric surgery (Table S7, Supporting
Information), indicating that the increased fat mass contributes
to lower circulating GLY. It could be further explained by the
predominance of catabolic metabolism in which muscle tissue
might secrete glutamine to enable maintaining glucose home-
ostasis by the liver. GLY is involved in many different biochem-
ical mechanisms including the regulation of plasma cholesterol
and triglyceride levels86 as well as protection against D-galacto-
samine hepatotoxicity.87 In earlier studies, GLY was shown to be
useful in relation to diseases with an inflammatory component
including the metabolic syndrome.88 Recent results obtained in
a mouse model of obesity show that GLY led to a suppression
of pro-inflammatory cytokines such as TNF-alpha in adipose
tissue and IL-6 serum levels and increased serum levels of
adiponectin.89 GLY was also found as an early marker for insulin
resistance20 but surprisingly was not found to be differentiating
between lean and diabetic patients in another study,21 pointing to
an uncertain relation to the etiology of metabolic syndrome
related disorders. In this study, neither low carbohydrate diet nor
sleeve gastrectomy did affect GLY levels (Table S7, Supporting
Information). Additionally, GLY showed neither a correlation to
nor changes of fat mass (Table S8, Supporting Information). We
hypothesize that decreased serum concentrations of GLY found
in young obese are obviously related to nutritional status rather
than to obesity itself.
GLN correlates with body fat mass and HbA1c value (Table
S8, Supporting Information). Changes in GLN levels signifi-
cantly correlate with changes of % body fat after weight reduction
strategies independently of age, gender, fasting plasma insulin
and HbA1c (Table 4). Since an effect of orally administered
glutamine on serum concentration of glucagon-like peptide 1,
glucose-dependent insulinotropic polypeptide (GIP) and gluca-
gon was found,90 it seems to be important to maintain a
stable glutamine level. Among all measured metabolites GLN
showed the strongest correlation to body fat and changes of fat
mass (Table 4 and Table S8, Supporting Information). In other
metabolome-wide studies, glutamine was not found as markers
of insulin resistance in nondiabetic patients20 neither as differ-
ential between lean and diabetes patients as a single marker,21
but in relation to phenylacetylglutamine, it shows a significant
correlation in the latter study.
Phosphatidylcholines are involved in lipid metabolism and are
crucial for lipid transport. Concentrations of phosphatidylcho-
lines have been related to the accumulation of fat in the liver.91
Moreover, we found significantly higher abundance of the
phosphatidylcholines PC32:0, PC32:1 and PC40:5 in obese
compared to lean subjects (Table S6, Supporting Information).
Although no phosphatidylcholine correlated with body fat mass
at baseline, there was a significant correlation between changes in
PC42:0 serum concentration and changes of body fat mass after
both bariatric surgery and diet interventions (Table S8, Support-
ing Information).
Carnitines are essential for the transport of fatty acids into the
mitochondria. In serum, C2 is the dominant carnitine species,
which corresponds with the intracellular abundance of this
carnitine. We found C2 highly elevated in obese subjects and
immediately after exercise with a sustained elevation even 24 h
after the acute exercise bout (Table S4, Supporting Information).
Increased serum levels in obese subjects could be caused by
mitochondrial damage occurring in skeletal muscle of obese
patients.92 After long-term metabolic changes by either hypoca-
loric diet or sleeve gastrectomy the levels did not change
significantly but stayed stably compared to controls (Table S7,
Supporting Information). As an exception, C14:1OH carnitine
was correlated with body fat mass even after adjustment to age,
gender and HbA1c (Table S8, Supporting Information). Our
results indicate that carnitines in general aremore related to acute
changes of metabolism than to reflect long-term changes of fat
mass. Also, carnitines may act as anti-inflammatory factors.93
After physical exercise, carnitines were found to be affected over
time using ANOVA (Table S4, Supporting Information). The
majority of carnitines showed a general increase in lean and obese
subjects under exercise-induced metabolism and recovery. In
contrast, C2 was increased by exercise and decreased after 24 h of
regeneration albeit C2 concentration did not reach the baseline
level (Table S4, Supporting Information). This qualifies C2 as a
potential indicator for differential states of metabolic activity
between lean and obese subjects. Carnitines are relevant markers
of mitochondrial efficiency: an increased level especially of short
and intermediate carnitine indicate an impaired mitochondrial
metabolism used for newborn screening.94 In contrast to this
study, various carnitines were found to be significant differen-
tially abundant in plasma samples of obese and lean persons
in a recent study.95 Kim et al. discussed the elevated levels in
obese patients by the positive effects of byproducts or inter-
mediates of the branched chain amino acid catabolism. Addi-
tionally, It is well-known that inefficient tissue long-chain fatty
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acid β-oxidation, due in part to a relatively low tricarboxylic acid
cycle capacity, increases tissue accumulation of acetyl-CoA and
generates chain-shortened acylcarnitine molecules. Comprehen-
sive plasma acylcarnitine profiles in T2DM have revealed ele-
vated circulating markers of incomplete LCFA catabolism and of
acetylcarnitine.96 Our work provides evidence that obese patients
without comorbidities show different serum acylcarnitine profile
both under exercise conditions and in relation to weight loss
compared to lean subjects. This serum acylcarnitine profile
appears to be a sensitive indicator of biochemical pathways that
are responsive to the severity of diabetes and long-term blood
sugar control.96
Combination of Proteomics and Metabolomics Improves
Discrimination between Lean and Obese Subjects
Recent analyses demonstrated the potential of integrated
“transomic” approaches.32,97!99 However, so far only few exam-
ples exploit combinations of metabolomics and proteomics data.
We found that a combined proteome/metabolome approach
allows a better group separation compared to the “single-OME”
analyses (Figure 5A!C). An improved discrimination was also
demonstrated for the exercise bout intervention. The better
groupdiscrimination could be attributed to the increased sample
size, but also to complementary sensitivities of the metabolites
and proteins: Metabolites more strongly respond to short-term
changes, whereas circulating proteins better reflect long-term
adaptations. The combined analysis processes the covariances
between protein and metabolite abundances that are not con-
sidered in the “single-omics” analysis. Such, correlations between
both “omics” data obviously further improve the performance of
the combined data. The additional benefit of these cross-correla-
tions was supported by PCM analysis (Figure 5D!F) showing
that the integrated data set separates the obese from the lean
group very well, whereas “single-omics” data do not. These
findings are in line with the results of studies on molecular
plant physiology that also combine proteome and metabolome
data sets.32 Our results suggest that combination with selected
proteomic markers such as proteins specifically expressed in
adipose tissue might complement sets of metabolic risk markers.
In the past decade, technological developments provided
broader studies on the metabolome of body fluids and cellular
samples. Still, there are wide gaps in the information chain
reaching from genes over proteins to metabolites. Even in
relatively simple organisms such as the bacterium Mycoplasma
pneumonia not all relevant genes and proteins for a validated
metabolomic function could be detected by a recent large systems
biology-oriented approach.100 Nevertheless, all relevant levels of
regulation must be combined in order to gain insights into factors
governing physiological functions. The transomic approach ap-
plied in this study allowed us to detect parameters that are related
to obesity independently of short-term exercise effects. However,
the origin of the detected metabolites and proteins and their
changes are not easy to define. By using clinically relevant
interventions to reduce fat mass, we tested the hypothesis that
adipose tissue is a major determinant of the production of
differentially expressed parameters.
Pathways Related to Pathophysiology of Obesity
We hypothesized that our proteomic approach provides
insights into pathway related changes that have already
been detected in obese subjects in the absence of any obesity-
related comorbidity. Our “shotgun-2D approach” allowed the
quantitative determination of pathophysiological pathways such
as apoptosis and complement system (Figure 1C). We found a
“down-regulation of apoptosis” as one of the most prominent
pathways associated with up-regulated protein abundances in
obesity. Down-regulation of apoptosis could be an early indicator
of obesity-related complications such as inflammation and in-
creased oxidative stress. Additionally, proteins associated with
three pathways of the complement system, namely the classical,
the alternative and the MBL-pathway, are markedly increased
in obese subjects (Figure 1C). The detection of the pathways
of the complement system has strongly been influenced by the
abundance of different isoforms of C3. Moreover, C3 is known
to contribute to the formation of acylation stimulating protein
whose level increases in obese people.101 Decreased fat mass
after hypocaloric diet or sleeve gastrectomy correlates with
an increased activity of the complement system (Figure S4,
Supporting Information). To our knowledge, this is the first
study that showed correlations between the loss of fat mass and
increased activity of the complement system.
Challenges in Proteomic and Metabolomic Profiling of
Serum Samples
The two most prominent challenges in serum proteome
analytics are the wide range of protein concentrations requiring
depletion of high abundant proteins and their speciation owing
to post-translational modifications.12 For the latter purpose, 2D
gels are still valuable tools, but for their application to serum
samples, the high abundant proteins have to be depleted to
obtain a wider coverage of the serum proteome. Classical 2D-gel
electrophoresis leads to identification of selected spots but here
we were interested in displaying dysregulation of homeostasis
and the involved pathways.
Therefore the identification of 126 spots allowed for the
analysis of pathways in a quantitative manner. Incomplete protein
separation represents one well-recognized challenge in 2D gels
leading to more than one protein per spot.102 For example, spot
118 contains both AT III and KNG-1 with similar scores and had
been unambiguously identified by nano-LC!MS/MS (Orbitrap-
MS) (Table S2, Supporting Information). The relative contribu-
tion of both proteins to the spot intensity was analyzed by specific
ELISAs revealing a stronger impact of AT III (Figure 3B,C). This
example illustrates the limits of 2D-gel electrophoresis. Beyond
the potential insights of the DIGE approach, it can represent only
a fraction of the serum proteome. It is far from a comprehensive
analysis but allows for detection of robust differences between
diverse conditions. The serummetabolome displays some specific
challenges like a wide range of concentrations of metabolites and
its various origins.
In conclusion, integrated serum proteomic and metabolomic
profiling reveals association of the complement systemwith obesity
and identifies both novel and previously discovered markers of
body fat mass changes. Multivariate regression analyses identified
SAP, CLU, RBP4, PEDF, GLN and C18:2 as the strongest
predictors of changes in body fat mass (Tables 3 and 4). Despite
the validation in the two differently treated groups, there is still a
demand to confirm the correlation of the so far potential markers
to the change in body fat mass in larger and prospective cohorts.
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5.2.2  Serum-Proteom-Analyse nach laparoskopischer Sleeve Gastrektomie im 
Kindes- und Jugendalter 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 148-153): 
Oberbach A, von Bergen M, Blüher S, Lehmann S, Till H.  
Combined serum proteomic and metabonomic profiling after laparoscopic sleeve 
gastrectomy in children and adolescents.  
J Laparoendosc Adv Surg Tech A. 2012 Mar; 22(2): 184-8.  
 
Einleitung und wissenschaftlicher Hintergrund: Auch im Kindes- und Jugendalter 
wird weltweit ein Wachstum der Adipositasrate verzeichnet. Zusätzlich steigt die 
Prävalenz der Koinzidenzen wie Dyslipidämie, Glukoseintoleranz und Hypertonie in 
dieser Altersgruppe dramatisch an. Therapieoptionen wie Verhaltensänderung, 
diätetische Intervention und Bewegungstherapiekonzepte haben längst Einzug in die 
Behandlung des Übergewichts im Kindes- und Jugendalter gehalten. Ein Teil dieser 
Patienten profitieren jedoch nicht durch das Behandlungsangebot und es folgen 
quälende Jahre mit Hoffnung und Frustration. Die Erkenntnisse vergangener Jahre im 
Bereich der metabolischen Chirurgie im Erwachsenenalter führten mehr und mehr zum 
Einsatz bariatrisch-chirurgischer Verfahren in der Altersklasse der Heranwachsenden. 
Hierbei wird der chirurgische Eingriff als Ultima Ratio verstanden und die Indikation 
deutlich strenger im Vergleich zu Erwachsenen gestellt. Von vorrangig klinischem 
Interesse ist das Monitoring der Komorbiditäten sowohl prä- als auch postoperativ, 
wobei die Besonderheiten des wachsenden Organismus zu berücksichtigen sind. Eine 
Vielzahl von Biomarkern des Erwachsenenalters sind insbesondere in der Phase der 
Pubertät nicht hinreichend valide, um den Grad der Erkrankung oder Regeneration nach 
chirurgischer Intervention aufzuzeigen. Vertretungsweise soll hier der HOMA-IR als 
Surrogatmarker der gestörten Glukosetoleranz genannt werden. Heranwachsende in der 
Pubertät haben physiologisch erhöhte Insulinkonzentrationen und dies führt zu einer 
Fehlinterpretation im Sinne einer Insulinresistenz. Die Suche nach geeigneten 
Biomarkern findet daher auf vielen Ebenen statt und muss im besonderen Maße die 
alters- und geschlechtsnormierte Population als Grundgesamtheit berücksichtigen.  
Ziel: In der nachfolgenden Untersuchung wurden die Proteine CLU, PEDF, RBP4 und 
PON1 unter dem Einfluss einer LSG sowohl vor als auch 6 Monate nach Intervention 




Parameter geprüft. Zusätzlich wurden mittels massenspektrometrischer Analyse (API 
4000; ABI Sciex) 163 Metaboliten im gleichen Setting bestimmt. 
Material und Methoden: Im Alter von 8 bis 17 Jahren wurden 6 Patienten mit 
Adipositas einer LSG unterzogen und 6 Monate postoperativ diagnostiziert. Die initiale 
Untersuchung sowie die Verlaufskontrolle und chirurgische Therapie erfolgte im 
kindermedizinischen Adipositaszentrum der Universität Leipzig auf der Basis eines 
standardisierten Studienprotokolls. Alle Patienten erhielten im Rahmen des 
Prüfprotokolls ein EKG, Thoraxröntgen, Blutdiagnostik (Großes Blutbild, metabolische 
Parameter, Prüfung der Schilddrüsenfunktion, Gerinnungsfunktionstest sowie 
Blutgasuntersuchungen), Lungenfunktionstest, Untersuchungen zum Ausschluss von 
Schlafapnoe, gastrointestinale Diagnostik inkl. Ultraschalluntersuchung mit der 
Darstellung des Gefäßstatus. Die Proteinbestimmung im Serum erfolgte mit 
spezifischen ELISA-Assays. 
Ergebnisse: Alle Patienten zeigten operativ und im postoperativen Verlauf keine 
klinisch relevanten Komplikationen. Nach 6 Monaten verminderte sich der BMI von 
initial 48.13kg/m² (Range 41.1–56.3) auf 37.1kg/m² (Range 28.4–40.6) signifikant. Die 
Adipositas-assoziierten Biomarker CLU, PEDF und RBP4 verminderten sich signifikant 
und PON1 stieg statistisch relevant an. 
Schlussfolgerungen: Die mittels Proteomik identifizierten Adipositas-assoziierten 
Biomarker aus der vorangegangenen Untersuchung zeigen bei Heranwachsenden nach 
LSG eine vergleichbare Kinetik mit der Änderung des Körpergewichts und des 
Körperfettgehaltes.  
  
Combined Serum Proteomic and Metabonomic Profiling
After Laparoscopic Sleeve Gastrectomy in Children
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Abstract
Aim: The consequences of bariatric surgery on important metabolic and signaling pathways are still poorly
understood. The aim of our study was to unravel the network of metabolic changes and obesity-related protein
biomarkers in morbidly obese children and adolescents undergoing laparoscopic sleeve gastrectomy (LSG).
Methods: In a prospective study, 6 children with morbid obesity who had failed a well-established conservative
weight loss therapy underwent LSG. Pre- and 6 months postoperatively, a metabonomic profiling of 163 me-
tabolites by mass spectrometry and protein profiling by ELISA (clusterin [CLU], pigment epithelium-derived
factor [PEDF], retinol binding protein 4 [RBP4], paraoxonase 1 [PON1]) was performed to identify biomarkers of
important pathways.
Results: At referral for surgery, the mean age was 14.5 years (range 8–17), mean body mass index (BMI in kg/
m2) was 48.13 (range 41.1–56.3). All patients showed various metabolic comorbidities. LSG was uneventful in all
of them. At 6 months postsurgery, the mean BMI has dropped to 37.1 (range 28.4–40.6). Targeted serum
metabonomics resulted in 7 metabolites, which were significantly affected by LSG. Among those, the amino acid
phenylalanine was increased, and methionine decreased. The glycero-phospatidylcholine PCaaC38:5 were up-
regulated, and PCaaC40:2 and PCaaC42:1 were down regulated after 6 months compared with baseline. Further,
sphingomyoline (SM) C26:0 and SM C26:1 were decreased after 6 months. The obesity-related biomarkers CLU,
PEDF, and RBP4 were decreased, whereas PON1 levels were increased.
Conclusion: LSG leads to changes in amino acids and in lipid metabolism indicated by glycerol-phosphati-
dylcholines and SM. The pattern of protein biomarkers and metabolites might provide measures for the induced
physiological changes and for therapy monitoring.
Introduction
Morbid obesity is a disease that remains generally un-responsive to diet and drug therapy but appears to
respond well to bariatric surgery.6 The prevalence of morbid
obesity represents a major medical and socioeconomical
problem even in children and adolescents today.8,11 Espe-
cially obesity-induced morbidities such as dyslipidemia,
glucose intolerance and arterial hypertension are increasing
dramatically world-wide. Dieting, behavioral interventions,
and pharmacotherapy should be the most important ap-
proaches, but many children fail to reduce weight over a
longer period of time.11 Then, bariatric surgery seems to be an
effective strategy to provide long-term weight loss and in-
creased survival.2,28 However, the consequences of such op-
erations on central metabolic pathways, adipokines, and
gastric hormones are still poorly understood. The aim of our
study is to unravel the complex network of metabolic changes
in morbidly obese children undergoing bariatric surgery.
Since laparoscopic sleeve gastrectomy (LSG) can be seen as
a drastic restriction of nutrition, the most obvious changes are
expected to happen in the metabonome. Therefore, metabolite
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screenings are the method of choice for unraveling changes in
the metabonome.19 Especially the metabolites covering the
central pathways of metabolism of amino acids, glycolysis,
and fatty acids are suspected of being indicative for principal
physiological changes. With the advent of high throughput
methods based on mass spectrometry, it became possible to
assess up to hundreds of metabolites in parallel.3
Changes in the physiology are also supposed to affect
protein biomarkers that are known to be associated with
obesity.36 In an earlier global serum proteomics approach,
several markers were identified to be correlated with the loss
of fat mass in adult patients who had undergone LSG.23
Among them were the adipokines pigment epithelium-
derived factor (PEDF) and retinol binding protein 4 (RBP4),
as well as the lipoprotein clusterin (CLU) and the anti-
thrombiotic protein paraoxonase (PON).5
PEDF was found to be secreted by adipose tissue and is
thought to cause insulin resistance.22 Increased PEDF levels
are correlating with metabolic syndrome, type 2 diabetes, and
abdominal fat distribution.20,21,31
RBP4 was initially described to be associated with the
metabolic syndrome.9 It is well known that RBP4 is pre-
dominately produced and secreted from the adipose tissue.17
CLU, also known as apolipoprotein ApoJ, was found to be
present in high-density lipoproteins (HDL) and very high-
density lipoproteins (VHDL).30 In these complexes, the anti-
thrombotic14 and anti-inflammatory18 protein PON1 is also found.
For PON1, a reduction in patients with diabetes is reported.5
The value of the circulating biomarkers for the assessment of
physiological changes induced by LSG has so far been only
partially analyzed for adults, and so, a thorough evaluation
of these parameters for children and adolescent patients is
mandatory. Since both metabolites and proteins are easy to
measure in serum samples, they can putatively serve as markers
in clinical diagnostics as well as for therapy monitoring.
Materials and Methods
We selected 6 patients (age 8–17) for whom every conser-
vative treatment had failed and who had been identified for
bariatric surgery according to present guidelines.12 Assent
and written informed consent were obtained from all subjects
and/or from a legal representative before initiation of any
study-related activities. The study was performed in accor-
dance with the principles of Good Clinical Practice13 and the
Declaration of Helsinki.1
An extensive preoperative work-up was performed includ-
ing ECG, Chest X-ray, laboratory parameters (including blood
count, electrolytes, metabolic parameters, thyroid function
tests, clotting studies, and arterial blood gas), lung function
tests, sleep study, upper GI contrast study, and abdominal
ultrasound. Height was measured to the nearest 0.5 cm, and
weight to the nearest 100 g by using a digital balance (BF 18;
Beurer). Body mass index (BMI) of the children was calculated
as weight (kilograms)/height (meters).2 BMI SD scores (SDS:
individual BMI value reference mean BMI value divided by SD
to scale the data for comparison across ages and sex) were
calculated and used in the analysis. All suffered from co-
morbidities as features of a developing metabolic-vascular
syndrome such as dislipidemia, cholecystolithiasis, and arterial
hypertension.33 Moreover, in an 8-year-old girl, Prader-Willi-
Syndrome had been genetically confirmed at the age of 2. The
decision for bariatric surgery was unanimously taken by the
patient, parents, and the obesity team. Anthropometric and
metabolic data of all patients are presented in Table 1.
Sample collection
Twelve milliliters of blood, 2 mL into EDTA-containing
tubes, was taken by venipuncture. All blood samples were
collected between 8:00 and 10:00 a.m. after an overnight fast.
The OGTT was performed after an overnight fast with 75 g
standardized glucose solution (Glucodex Solution 75 g;
Merieux). Venous blood samples were taken at 0, 60, and 120
minutes for measurements of plasma glucose concentrations.
Fasting plasma insulin was measured with an enzyme im-
munometric assay for the IMMULITE-automated analyzer
(Diagnostic Products Corporation). Serum high-sensitive CRP
was measured by immunonephelometry (Dade-Behring).
Serum total-, HDL-cholesterol, and triglycerides were mea-
sured as previously described.17
Quantitative ELISA assays were performed for evaluation
of detected proteins by mass spectrometry; proteome vali-
dation studies were performed by using the following im-
munoassays: Quantikine human RBP4 immunoassay (R&D
Systems), human PEDF ELISA (BioVendor), human CLU
ELISA (BioVendor), and human PON1 (Uscn Life Science,
Inc.). All immunoassays were performed according to the
manufacturer’s recommendations.
Metabonome analysis
The metabonome analysis was performed by using the
AbsoluteID.kit (Biocrates Life Science AG) according to the
recommendations of the suppliers and as described in Enot
et al.7 by using an API 4000 (ABI Sciex).
Table 1. Anthropometric and Metabolic










BMI (kg/m2) 48.13 – 5.83 37.10 – 5.14 .37
BMI-SDS 4.14 – 0.66 3.21 – 0.67 .03
Systolic blood pressure
(mm Hg)
126.5 – 14.77 114.83 – 12.58 .002
Fasting glucose (mM) 4.24 – 0.66 4.15 – 0.36 .804
2-hour postprandial
glucose (mM)
7.13 – 1.56 4.40 – 0.72 .008
Total cholesterol 4.44 – 0.38 4.70 – 0.98 .634
HDL-cholesterol (mM) 1.13 – 0.24 1.36 – 0.39 .041
LDL-cholesterol (mM) 2.79 – 0.15 2.46 – 0.55 .184
Triglycerides (mM) 1.34 – 0.26 0.89 – 0.33 .053
ALAT (lkat/L) 1.12 – 0.51 0.42 – 0.11 .031
ASAT (lkat/L) 0.83 – 0.24 0.49 – 0.09 .023
c-GT (lkat/L) 0.61 – 0.46 0.35 – 0.28 .012
The 2-hour postprandial plasma glucose was measured by oGTT.
Data were shown as mean – SD measured at baseline and 6 months
after LSG. Significant changes are determined by dependent
Student’s t-test (P < .05).
c-GT, c-glutamyltransferase; ALAT, alanin-aminotransferase; BMI,
body mass index; HDL, high-density lipoproteins; LDL, low-density
lipoprotein; LSG, laparoscopic sleeve gastrectomy; SDS, SD score.
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Statistical analysis
Quantitative variables are expressed as mean – SD through-
out the article unless otherwise stated. Comparisons between
time points with regard to all quantitative endpoints were
performed by two-tailed Student’s paired t test. The signifi-
cance level was set at P < .05. GraphPad Prism (GraphPad
Software, Inc.) was used for all analyses and created figures.
Results
Anthropometric and metabolic data of the children, by
weight classification, are shown in Table 1. At referral for
surgery, the mean age was 14.5 years (range 8–17), mean BMI
(in kg/m2) was 48.4 (range 40.6–56.3), and all patients de-
picted major co morbidities, including arterial hypertension,
impaired glucose tolerance, elevated liver enzymes and
steatosis hepatis, sleep apnea syndrome, cholelithiasis, and
dyslipidemia. LSG was uneventful in all of them. At 6 months
postsurgery, the mean BMI dropped to 37.1 (range 28.4–40.6).
BMI-SDS, 2 hours postprandial Glucose, HDL-cholesterol,
and the liver enzymes alanin-aminotransferase (ALAT),
ASAT, and c-glutamyltransferase (c-GT) were significantly
changed, and systolic blood pressure had dropped signifi-
cantly into the age- and gender-specific normal range after
LSG after 6 months (Table 1). Triglycerides decreased in trend
6 months after LSG (1.34 – 0.26 versus 0.89 – 0.33, P = .053)
However, BMI, fasting plasma glucose, total cholesterol, and
low-density lipoprotein-cholesterol did not show a statisti-
cally relevant change after bariatric surgery (Table 1).
MS/MS based quantitative profiling yielded significant
changes of amino acids, glycerophospholipids, and sphingo-
myolines (SM) after 6 months as a consequence of LSG.
Among those, the amino acid phenylalanine was increased,
and methionine decreased (Fig. 1A, B). Further, SM C26:0
and SM C26:1 were decreased after 6 months (Fig. 1C, D).
The glycero-phospatidylcholine PCaaC38:5 was upregulated
(Fig. 1E), and PCaaC40:2 and PCaaC42:1 were down regu-
lated after 6 months compared with baseline (Fig. 1F, D).
With regard to proteins, PEDF, RBP4, and CLU were up-
regulated (Fig. 2A–C), whereas the concentration of PON1
was significantly reduced (Fig. 2D).
Discussion
Despite all the observations about the long-term effect of
bariatric surgery, the understanding of the underlying
mechanisms leading to such tremendous weight loss is poor.
To predict the outcome, it is necessary to decipher the specific
changes of the metabolism imposed by LSG. Therefore, it is
mandatory to identify profiles from which biomarkers can
be selected that can be used in clinical diagnostics to monitor
the glucose and lipid metabolism. This applies especially to
children and adolescents, because they have a longer life ex-
pectancy and a higher risk of suffering from long-term con-
sequences.
In the current study, children and adolescents with obesity
and metabolic syndrome were treated by LSG. Initially, the
LSG had been established as a first-line operation for super
obese adults to achieve an initial weight loss until they could
FIG. 1. Significantly regulated serum
metabolites 6 months after laparoscopic
sleeve gastrectomy (LSG). The results
were taken from metabolite quantification
by qTRAP-MS analysis. Data are pre-
sented as mean – SD measured at baseline
(white bars) and 6 months after surgery
(black bars). Significant changes are indi-
cated by asterisks (time effect determined
by dependent Student’s t-test).
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be safely treated by a malabsorptive procedure such as the
Roux-en-Y gastric bypass.26 Recently, the LSG has gained
increasing popularity even as a stand-alone technique, be-
cause the overall weight loss was sufficient in some patients.34
Moreover, it could be demonstrated that LSG, which is tech-
nically considered a restrictive operation only, caused the
resolution of metabolic comorbidities by itself.
The identified changes in the metabonome profile indicate
effects on the metabolism of amino acids, SM, and glycero-
phosphatidylcholines (PC). Human obesity is associated with
increased serum phenylalanine concentration. However, this is
probably caused by liver dysfunction related to liver steatosis,32
which occurs more frequently in morbid obesity. Interestingly,
our study yielded a decreased serum phenylalanine concen-
tration after bariatric surgery after 6 months. Recently, other
authors showed a strong positive correlation between serum
phenylalanine and serum alanine transaminase concentra-
tions.32 This is in line with the observed lowering liver enzyme
concentration and the significant correlation of phenylalanine
and ALAT (data not shown) in our current study. Taken to-
gether, serum concentration of phenylalanine seems to be a
valid biomarker of liver dysfunction associated with liver
steatosis.32 In our current study, the amino acid methionine was
significantly increased after bariatric surgery. It was demon-
strated that multiple metabolic abnormalities of methionine
kinetics are present in type 2 diabetes with nephropathy and so
it supports the finding of the altered levels of phenylalanine,
which also points to pathologic changes in the liver.24
PC are described to be crucially involved in lipid metabo-
lism and lipid transport. They have been found to be associ-
ated with the accumulation of fat in the liver.16 Besides their
primary relevance for lipid metabolism, it is also reported that
they are capable of alleviating inflammatory processes.10
The decrease of two species of SM corresponds well with
their reported higher levels in case of arteriosclerosis and
other diseases.29 Here, the loss of weight seems to have al-
ready caused decreased levels in serum. This has the potential
of reducing the risk for coronary artery disease and related
comorbidity.15,25
The decrease of the adipokines PEDF and RBP4 can be
viewed as a consequence of the loss of body fat, as they are
reported to be produced mostly by adipose tissue and the
liver.27,35 Both factors are also described as being related
to insulin sensitivity and disturbed glucose metabolism.
Although it is unknown whether they are causative or re-
sulting factors, the current results suggest that they can be
used as markers to follow the success of LSG.
Both CLU and PON1 are associated with cholesterol me-
tabolism and HDL and VHDL particle composition.30 The
decrease in CLU can be interpreted as coincidental to the
increase of HDL metabolism. The dramatic restriction caused
by LSG leads to a maximal metabolic turnover that is ac-
companied by a relative increase in oxidative stress.4 To
counteract this, the increase of antioxidant capacity might
explain the increase of PON1.
Conclusion
The data show that LSG affects the amino acid and lipid
metabolism. Our data suggest, in fact, that proteomic and
metabolomic profiling is feasible and may yield information
which will better enable investigators to phenotype cases and
responses to surgery much more precisely than has been done
in the past.
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9. Graham TE, Yang Q, Blüher M, et al. Retinol-binding protein
4 and insulin resistance in lean, obese, and diabetic subjects.
N Engl J Med 2006;15;354:2552–2563.
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5.2.3 Entwicklung eines MRM-Assays zur Abschätzung Adipositas-assoziierter 
Komorbiditäten nach Roux-Y-Magenbypass 
Die Ergebnisse wurden nachfolgend eingereicht (Originalarbeit Seite 158-174): 
Oberbach A, Schlichting N, Neuhaus J, Kullnick Y, Lehmann S, Heinrich M, Dietrich 
A, Mohr FW, von Bergen M, Baumann S. 
Establishing of a reliable multiple reaction monitoring-based method for the 
quantification of obesity associated comorbidities in serum and adipose tissue requires 
intensive clinical validation. 
J Proteome Res. 2014 Oct 16. 
 
Einleitung und wissenschaftlicher Hintergrund: Die stetig steigenden Erkenntnisse 
über den Nutzen von Biomarkern in der Adipositasforschung im Hinblick auf die 
Früherkennung von Komorbiditäten bzw. das Monitoring von Krankheitsverläufen oder 
gar Genesungstendenzen bekräftigt die Forderung nach der Entwicklung von Bio-
Assays, die mehrere Proteine in kleinen Probenmengen zeitgleich quantifizieren 
können. Unter Anwendung massenspektrometrischer Analyseverfahren gelang es im 
vergangenen Jahrzehnt, diverse Multiplex-Assays zu entwickeln, die diesen 
Anforderungen genügen. Das Grundprinzip der „Multiple Reaction Monitoring“ 
Methode (Peptid-basierende Analyse) ist ein vielversprechender Ansatz, um 
kosteneffektiv im Hochdurchsatzverfahren eine Vielzahl von Surrogatmarkern im 
Serum zu ermitteln. Die Herausforderungen in der Entwicklung eines solchen Assays 
zum Monitoring von Adipositas-assoziierten Komorbiditäten sind vielfältig. Aus 
klinischer Sicht sollte die Zusammensetzung des Assays spezifische Proteine 
implementieren, die hinreichend valide Störungen des Glukosestoffwechsels, des 
Lipidmetabolismus, des Herz-Kreislauf-Systems oder der chronischen 
Entzündungsreaktion beschreiben. Die Erarbeitung eines MRM-Assays wurde in der 
Literatur jüngst erarbeitet, jedoch ist der Transfer eines solchen Assays in die klinische 
Routine kein leichtes Unterfangen. Die klinische Chemie bedient sich seit Jahrzehnten 
u.a. Proteinnachweisverfahren wie dem RIA oder ELISA, in dem via Antikörper-
basierender Markierung Proteine oder Peptide nachgewiesen werden. Die MRM-
Methode bedarf einer besonderen präanalytischen Präparation der Serum- oder 
Plasmaproben, denn letztlich erfolgt der Nachweis des Proteins von Interesse auf 
Peptid-Ebene. Dieses Nachweisprinzip führt jedoch auch zu der Annahme, dass sich die 




MRM-Methode mit einem ELISA-Verfahren unterscheiden. Beispielhaft wurden in der 
vorliegenden Untersuchung C3-Complementfaktor (C3), Adiponectin (ADIPOQ), 
Angiotensinogen (ANG) und Retinol-binding Protein (RBP4) als ein MRM-basierender 
Assay entwickelt und die Resultate der Quantifizierung mit einem ELISA-Assay 
korreliert. Weiterhin wurde geprüft, ob der MRM-Assay vergleichbare 
Quantifizierungsergebnisse im viszeralen- bzw. subkutanen Fettgewebe ermöglicht wie 
unter Anwendung eines ELISA. 
Ziel: In der ersten Entwicklungsstufe wurden grundlegende Kenntnisse über die 
Probenpräparation (Serum, Plasma) und die Assay-spezifischen Parameter 
(LOD = Limit Of Detection, LOQ = Limit Of Quantification) erarbeitet. Im zweiten 
Teil der wissenschaftlichen Arbeit erfolgte die Validierung und Interpretation der 
MRM-basierenden Messergebnisse an einer Patientenkohorte mit morbider Adipositas 
sowohl prä-interventionell als auch in einem Zeitraum bis 7 Monate nach einem Roux-
Y-Magenbypass. MRT-Untersuchungen gestatteten die Quantifizierung des viszeralen 
und subkutanen Fettgewebes sowohl vor Intervention als auch im Verlauf. Die Serum-
Konzentrationen der Biomarker (C3, ADIPOQ, ANG, RBP4) der 10 Probanden mit 
metabolisch-chirurgischer Intervention wurden mit einer normalgewichtigen, alters- und 
geschlechtsnormalisierten Kohorte (n=10) verglichen. 
Material und Methoden: Studienpopulation: In der Interventionsgruppe wurden 10 
Patienten (6 Frauen und 4 Männer; Alter 18-60 Jahre) mit einem BMI>40kg/m², 
BMI>35kg/m² plus Adipositas-assoziierte Komorbiditäten, jedoch BMI<60 kg/m², 
eingeschlossen. Die Probanden der Referenzgruppe (4 Frauen und 6 Männer) hatten 
einen BMI<25kg/m². Intervention: Die Patienten wurden vor Operation einer 
klinischen Exploration inkl. Abdomen-MRT, OGTT, Muskelbiopsie, Gastroskopie und 
Karotisdoppler unterzogen. Die Untersuchungen wurden sowohl 14 Tage post-OP und 6 
Monate post-OP wiederholt. In einem Zeitraum von 14 Tagen prä-OP erhielten die 
Patienten eine spezielle Diät (BCM Diät™; 75g Protein, 28g Fett, 80g Kohlenhydrat + 
200g vegetarische Nahrungsanteile). Die Serum-Proben wurden bei Aufnahme, prä-OP, 
1 Monat sowie 4 und 7 Monate post-OP nach einer 10-stündigen Nüchternphase 
entnommen. Laborscreening: Die Routinediagnostik umfasste die Bestimmung von 
Parametern des Lipid- und Glukosestoffwechsels, Entzündungsprozesse und 
Leberenzyme via ELISA. Die Quantifizierung der subkutanen und viszeralen Fettmasse 




subkutanes Fettgewebe wurde intraoperativ entnommen und bis zur Analyse in -80°C 
eingefroren. Nano-UPLC-MS/MS-Peptidanalyse: Die Etablierung des MRM-Assays 
wurde mittels nanoAcquity Ultra-Performance Liquid Chromatography (UPLC) der 
Firma Waters in Verbindung mit einem 5500 QTRAP Massenspektrometer (AB Sciex, 
ausgestattet mit einer ESI Nanospray III source und einem PicoTip Emitter (noncoated 
silica tip, 10μm, New Objective, Woburn, USA)) etabliert. 
Validierung eines Peptid-MRM: Im ersten Schritt wurden geeignete Peptidspektren 
durch die Anwendung verschiedener Verfahren ermittelt. Im Nachgang wurde ein 
Gemisch von Peptid/Serum bzw. Peptid/Plasma einem tryptischen Verdau unterzogen. 
Sowohl 13N- als auch 15N-markierte Peptidsequenzen dienten als Standard für die 
absolute Quantifizierung. Die Massendifferenzen zwischen gelabelten und ungelabelten 
Peptid betragen 6 respektive 7Da. 
Ergebnisse: Die Erarbeitung der geeigneten SRM-Übergänge kann sowohl auf der 
Basis von Datenbanken (MRM-Pilot), Literaturangaben oder bspw. durch die 
Bestimmung von Peptidsequenzen nach tryptischen Verdau geschehen. Für einen 
Multiplex-Assay ist die Kombination von nano-UPLC und MRM-Detektion gut 
geeignet. Die Bestimmung des LOD zeigt, dass mittels MRM-Assay der Analyt deutlich 
unterhalb der physiologischen Serum-Konzentration nachgewiesen werden kann. Die 
Intra-Assay-Abweichungen wurden in einem Serum-Pool von 5 Patienten durch 
Fünfachmessung analysiert. Die Inter-Assay-Varianz wurde durch Messungen der 
Proben an 5 verschiedenen Tagen (à 5 Proben) erarbeitet. In der vorliegenden 
Untersuchung liegt der Variationskoeffizient bei ≤10%. Der tryptische Verdau der 
Serum- und Plasmaproben zeigte eine Verdauzeit-abhängige Konzentration der 
jeweiligen Peptide und für die Entwicklung des Assays musste ein Kompromiss (12h) 
für den Verdau der Serum-Probe zum Nachweis der Peptide von Interesse gewählt 
werden. Sowohl für C3 als auch für ADIPOQ konnte die höchste Konzentration nach 24 
Stunden Verdau aufgezeigt werden. Dementgegen sind die Peptide von ANG und RBP4 
schon nach 2 bis 4 Stunden in maximaler Konzentration nachweisbar und fallen unter 
weiterem Verdau nachhaltig ab. Im Vergleich der Methoden MRM und ELISA zeigen 
sich markerspezifische Unterschiede in der absoluten Quantifikation. Die geringsten 
Abweichungen ergaben sich für ANG und RBP4. 
Im zweiten Teil der Untersuchung wurde der Assay im klinischen Kontext verifiziert. 
Initial erfolgte die Bestimmung der Assay-basierenden Diskriminierung einer 




Die möglichen Unterschiede wurden sowohl in der Proteinabundanz im Serum als auch 
in der Proteinexpression im viszeralen und subkutanen Fett ermittelt. Im Serum konnte 
für C3 und RBP4 mittels MRM-Assay ein signifikanter Unterschied zwischen den 
Kohorten ermittelt werden. Eine Quantifizierung der Proteine auf der Basis eines 
ELISAs ergab für alle Proteine einen signifikanten Unterschied im Vergleich des 
Phänotyps. Im Detail zeigten sich für die jeweils ausgesuchten Proteine besondere 
Herausforderungen. Das Peptid zur Bestimmung von C3 Complement (TGLQEVEVK) 
ist gemeinsamer Bestandteil in den Faktoren C3b, iC3b und C3c, die ihrerseits durch 
Adipositas hochreguliert werden und nach metabolischer Chirurgie einer eigenständigen 
Kinetik unterliegen. Jedoch ist die Abundanz dieser Proteine um Faktor 50-250 
niedriger als C3 Complement und demnach kann der Beitrag zur Gesamtabundanz 
vernachlässigt werden. Für das Protein Adiponektin verhält sich der Nachweis auf 
Peptid-Ebene (GDIGETGVPGAEGPR) komplexer. In verschiedenen Studien wurde 
deutlich, dass Adipositas vor allem die Multimerkomplexe im Serum beeinflusst und 
diese Regulation kann durch ein MRM-Assay nicht abgebildet werden. Das Prohormon 
Angiotensinogen wird durch posttranslationale Modifikation in seine eigentlich 
wirksamen Hormone durch die Enzyme Renin und ACE (angiotensin converting 
enzyme) überführt. Nach tryptischem Verdau des Prohormons können jedoch nicht die 
hormonell wirksamen Bestandteile Angitensin I und II als spezifische Peptide 
nachgewiesen werden. In der vorliegenden Untersuchung wurde als repräsentatives 
Peptid für Angiotensinogen „ALQDQLVLVAAK“ erarbeitet. Als viertes Protein wurde 
RBP4 etabliert und es zeigt sich, dass die Messung der Metaboliten Retinol und 
Transthyretin einen tieferen Einblick in den Regulationskomplex von RBP4 gibt als die 
singuläre Messung des Proteins. 
Schlussfolgerungen: Die Entwicklung eines MRM-Assays sollte unbedingt die 
Gegenüberstellung von standardisierten klinischen Assays wie ELISA beinhalten und 
im Kontext klinischer Parameter betrachtet werden. Die Resultate verdeutlichen, dass 
bei der Verwendung von MRM-Assays die alters-, geschlechts- und 
krankheitsspezifische Bewertung der gemessenen Parameter neu vorgenommen werden 
muss. 
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ABSTRACT: Multiple reaction monitoring (MRM)-based mass spectro-
metric quantification of peptides and their corresponding proteins has been
successfully applied for biomarker validation in serum. The option of
multiplexing offers the chance to analyze various proteins in parallel, which
is especially important in obesity research. Here, biomarkers that reflect
multiple comorbidities and allow monitoring of therapy outcomes are
required. Besides the suitability of established MRM assays for serum
protein quantification, it is also feasible for analysis of tissues secreting the
markers of interest. Surprisingly, studies comparing MRM data sets with
established methods are rare, and therefore the biological and clinical value
of most analytes remains questionable. A MRM method using nano-UPLC-
MS/MS for the quantification of obesity related surrogate markers for
several comorbidities in serum, plasma, visceral and subcutaneous adipose
tissue was established. Proteotypic peptides for complement C3, adiponectin, angiotensinogen, and plasma retinol binding
protein (RBP4) were quantified using isotopic dilution analysis and compared to the standard ELISA method. MRM method
variabilities were mainly below 10%. The comparison with other MS-based approaches showed a good correlation. However,
large differences in absolute quantification for complement C3 and adiponectin were obtained compared to ELISA, while less
marked differences were observed for angiotensinogen and RBP4. The verification of MRM in obesity was performed to
discriminate first lean and obese phenotype and second to monitor excessive weight loss after gastric bypass surgery in a seven-
month follow-up. The presented MRM assay was able to discriminate obese phenotype from lean and monitor weight loss
related changes of surrogate markers. However, inclusion of additional biomarkers was necessary to interpret the MRM data on
obesity phenotype properly. In summary, the development of disease-related MRMs should include a step of matching the MRM
data with clinically approved standard methods and defining reference values in well-sized representative age, gender, and disease-
matched cohorts.
KEYWORDS: mass spectrometry, peptide quantification, multiple reaction monitoring, obesity, surrogate markers, comorbidities,
validation
■ INTRODUCTION
Peptide-based multiple reaction monitoring (MRM) has
emerged as a valuable tool in experimental setups. However,
the translation into the clinical setting is still missing. Recently,
Abbatiello et al. developed and evaluated a standardized
protocol to facilitate MRM technology transfer into routine
laboratory analyses.1 Those authors indicate that standard
protocol and analytical standards are needed to provide the
basis for clinical use. However, MRM technology has to be
further validated for monitoring of pathophysiological stages by
comparison to established routine methods.
The aim of the present study was to evaluate MRM as a
platform for simultaneous analysis of various disease-related
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biomarkers and to point out potential pitfalls of this method by
comparison to established assays. For this purpose, we
developed an MRM assay for an epidemiologically relevant
disease and focused on first the technological validation and
second on different challenges for clinical data interpretation.
Morbid obesity is characterized by a high number of
comorbidities,2 including chronic inflammation, disturbed
glucose and lipid metabolism, and hypertension-related
diseases. Established methods measuring changes in lipid
profile (LDL, HDL, FFA) and blood glucose levels hardly
fully reflect the complex underlying pathology, organ
dysfunction, and disease progression. Multiple mutual inter-
actions between metabolic biomarkers characteristic for a
special status of obesity-related diseases may hamper proper
stratification of phenotype risk profile by using a single
biomarker.3 Therefore, multiplex assays offer the potential
after extensive statistical analysis of a higher predictive value,
and mass spectrometry-based quantitative biomarker profiling
is a promising accurate and cost-efficient tool to assess several
markers in parallel.4
Additionally there are several treatment options to intervene
with the obesity phenotype primarily aiming on reducing
weight and adipose tissue, and it is not clear to which extent
those invasive (metabolic surgery) or noninvasive (life style
intervention) therapies might interfere with various aspects of
obesity-related comorbidities.5
The quantitative assessment of biomarkers of different
comorbidities in serum or plasma is well suited to not only
define the obese phenotype in comparison to normal weight
group, but beyond that it could be used for monitoring
treatment outcome.6 MRM has been established as a tool for
monitoring a high number of targets with a reasonable small
amount of sample use with acceptable sensitivity down into the
low picomolar range.7 It is common understanding that the
setup of a MRM is fast, cost-efficient, and straightforward.8,9
However, proper interpretation of MRM data relies on the
extensive verification of the target peptides for the monitored
disease, and studies focusing on this clinical need are rare.10
In the presented work, a MRM assay was established
including four proteins which reflect several obesity-related
comorbidities. In the following study, we compared morbid
obese patients (n = 10) before and following Roux-Y gastric
bypass (RYGB) to a normal weight reference group (n = 10),
because RYGB has developed into one of the most promising
surgical interventions of morbid obesity.11 However, not all
patients will profit equally from RYGB regarding their specific
comorbidities.12 In detail, it is well-known that RYGB improved
insulin resistance,13 while several biomarkers which are highly
related to insulin resistance, such as retinol binding protein 4
(RBP4) or adiponectin, showed delayed improvement
compared to effects on glucose homeostasis.14
We investigated complement C3 as an established biomarker
for inflammation and induction of complement system which is
known to be regulated in obesity phenotype and related
diseases.15 Furthermore, complement C3 is a good example for
an analyte with multiple active proteins (e.g., C3b, iC3b, C3f,
C3c, C3dg) originating from a common precursor.16 Those
active proteins cannot be addressed specifically by MRM
because the MRM suitable peptide is represented in most of
them. Thus, more abundant species will superpose minor
fractions, and therefore biologically significant regulation might
be missed by MRM.
The second protein of interest was adiponectin, which is
known to sensitize peripheral tissues to insulin and adiponectin
signaling via activated protein kinase (AMPK), peroxisome
proliferator-activated receptor gamma (PPARγ), and has been
shown to protect against apoptosis and inflammation.17 From a
clinical perspective, adiponectin plays a major role in type-2
diabetes and atherosclerosis.18 Interestingly, adiponectin exists
in several multimeric isoforms with distinct physiological
effects.19 Adiponectin 30 kDa monomers are assembled into
low molecular weight (LMW) trimers, middle molecular weight
(MMW) hexamers, and high molecular weight (HMW)
multimers composed of 12−18 monomers.20 Especially,
adiponectin HMW multimers seem to correlate predominantly
with thiazolidinedione-mediated improvement in insulin
sensitivity.21 Since MRM measurements are based on peptides,
it is not possible to resolve the abundance of the distinct
adiponectin multimers. Therefore, we included verification of
adiponectin by specific ELISAs measuring HMW adiponectin
and Western blot analysis.
The third examined protein was angiotensinogen, the major
component of the renin−angiotensin−aldosterone system
(RAAS), which is expressed and regulated in adipose tissue.22
Circulating angiotensinogen is well-known to be involved in
cardiovascular diseases23 and insulin resistance.24 From a
theoretical perspective, the precursor protein angiotensinogen
can be easily measured by MRM standard procedure following
tryptic digestion,7 but the metabolically active peptides do not
give rise to a tryptic peptide.
Finally we investigated RBP4, which is secreted by liver and
adipose tissue25 and strongly correlated with insulin resistance
and many other features of metabolic syndrome.26 Serum levels
of RBP4 depend on the balance between RBP4 excretion and
complexion with retinol and transthyretin to form the bioactive
receptor ligand.25 Therefore, we hypothesized that proper
interpretation of MRM measurements of RBP4 may profit from
additional measurements of serum retinol and transthyretin
levels.
Our present study focused on the development of a set of
obesity-related MRM assays for serum and tissue samples and
the verification of the analyte determinations by additional
biomarkers to improve biological and clinical interpretation. It
should be emphasized that especially for clinical application the
workflow of specific disease related MRM development should
include a step of matching the MRM data with clinically
approved (and so far used gold) standard methods as well as
independent validation of clinically or biochemically related
cofactors. Furthermore, it will be necessary to define reference




The study was approved by the ethic committee of the
University of Leipzig (363-11-07032011) and was registered in
the German Clinical Trials Register (DRKS00004160). All
subjects provided their informed consent before entering the
study.
The study group included 10 patients (6 women and 4 men),
who participated in a prospective weight loss study after gastric
bypass surgery. The volunteers fulfilled the following inclusion
criteria: (I) age 18−60 years, (II) BMI > 40 kg/m2 or BMI > 35
kg/m2 plus obesity associated comorbidities and BMI < 60 kg/
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m2. In addition, the following exclusion criteria have been
defined: (I) any chronic inflammatory or malignant disease, (II)
type-1 diabetes, (III) relevant joint or spine disorders, (IV)
drug or alcohol abuse, (V) untreated thyroid dysfunction, (VI)
pregnancy or breast feeding women, and (VII) expected
noncompliance.
After a two-week low energy diet [BCM Diaẗ (75 g of
protein, 28 g of fat, 80 g of carbohydrate), PreCon GmbH,
Darmstadt or Optifast (58 g of protein, 19 g of fat, 111 g of
carbohydrate), Nestle HealthCare Nutrition GmbH, Munich
+200 g low starch vegetable] patients were subjected to Roux-
Y-Gastric Bypass (RYGB) surgery without complications.
Blood samples were collected after an overnight fast between
8:00 and 10:00 a.m. at five time points: before special low
energy diet (BL), 2 weeks after low energy diet (OP), 1 month
(1), 4 months (4), and 7 months (7) after bariatric surgery.
A group of normal weight subjects (4 women and 6 men)
were used as lean reference group (RG). The following
inclusion criteria have been defined: (I) age 40−80 years, (II)
BMI < 30 kg/m2, (III) no type-2 diabetes. The subjects of the
reference group were patients of the University of Leipzig with
gastrointestinal diseases (ulcerative colitis, anal fistula, color-
ectal cancer), who underwent proctocolectomy or partial
colectomy. RG blood samples were collected after an overnight
fast between 8:00 and 10:00 a.m. one day before surgery in
serum and plasma S-Monovettes (Sarstedt, Nümbrecht,
Germany). After centrifugation (10 min, 4 °C, and 3500g),
plasma and serum were stored in 2 mL aliquots at −80 °C.
Visceral and subcutaneous adipose tissue samples were
obtained during bariatric or colectomy surgery. Adipose tissue
was washed in PBS, shock frozen in liquid nitrogen, and
immediately stored at −80 °C until analysis.
Phenotyping of Study Subjects
All subjects participated to a 2 h oral glucose tolerance test
(oGTT). After an overnight fast, venous blood samples were
taken between 8:00 and 10:00 a.m. before and 15, 30, 60, and
120 min after glucose treatment (75 g of glucose in water) for
measurement of plasma glucose concentration (Table 1).
Triglyceride, total cholesterol, HDL cholesterol, LDL
cholesterol, fasting glucose, fasting insulin, glycated hemoglobin
(HbA1c), C-reactive protein (CRP), leucocytes, aspartate
aminotransferase (ASAT), alanine aminotransferase (ALAT),
and γ-glutamyltransferase (γ-GT) were measured by the
Clinical Central Laboratory of the University Hospital Leipzig
by standard methods and commercial ELISA kits (Table 1 and
Table S1, Supporting Information).
The homeostasis model assessment (HOMA) score, a
surrogate measure of insulin resistance, was calculated as
follows: fasting insulin (μU/mL) × fasting glucose (mmol/L)/
22.5.
The content of abdominal visceral adipose tissue (VAT) was
measured by magnetic resonance imaging (MRI) described by
Thormer et al.27 Patients were placed in a supine position in a
1.5 T MRI scanner (Philips Achieva 1.5T XR, Philips
Healthcare, The Netherlands). Imaging was performed using
built-in, whole-body quadrature coil. An inphase/opposed-
phase gradient echo sequence was used to acquire a total of 50
axial MR images covering the entire abdomen from the
diaphragm down to the femoral heads. To determine VAT
tissue a fully automated, three-stage method was implemented
with MatLab (MathWorks, Natick, USA).27
Materials
Unless otherwise indicated all reagents were ACS grade or
higher. All solvents used were LC/MS grade. L-(Tosylamido-2-
phenyl) ethyl chloromethyl ketone-treated trypsin, sodium
Table 1. Phenotype of Probands and Patientsa
lean (n = 10) obese (n = 10)
reference group diet RYGB
(RG) baseline (BL) OP 1 month (1) 4 months (4) 7 months (7)
gender (f/m) 4/6 6/4
age (years) 62 ± 11 43 ± 8
body weight (kg) 68 ± 11 145 ± 27b 139 ± 24 130 ± 22c 112 ± 20c 104 ± 21c
BMI (kg/m2) 23.2 ± 3 46.3 ± 3.9b 44.4 ± 3c 41.7 ± 2.6c 35.7 ± 2.9c 33.2 ± 3.2c
BP syst (mmHg) 128 ± 9 131 ± 12 135 ± 13 123 ± 15 133 ± 14 128 ± 15
BP diast (mmHg) 85 ± 4 85 ± 9 85 ± 5 84 ± 13 84 ± 7 79 ± 8
VAT (l) n/a 7.6 ± 2.5 7.3 ± 2.5c 6.7 ± 2.4c n/a 3.4 ± 2c
triglyceride (mmol/L) 0.68 ± 0.2 1.58 ± 0.9b 1.24 ± 0.53 1.57 ± 0.34 1.11 ± 0.48 0.82 ± 0.24c
total cholesterol (mmol/L) 2.96 ± 0.28 5.02 ± 1.51b 4.4 ± 1.02 3.83 ± 0.73 3.97 ± 1.16 3.74 ± 0.86c
HDL cholesterol (mmol/L) 1.08 ± 0.13 1.13 ± 0.18 1.03 ± 0.18 0.92 ± 0.17c 1.16 ± 0.29c 1.27 ± 0.27c
LDL cholesterol (mmol/L) 1.57 ± 0.18 3.3 ± 1.16b 2.73 ± 0.81 2.24 ± 0.55 2.32 ± 0.78 2.13 ± 0.6c
fasting glucose (mmol/L) 5.1 ± 0.6 5 ± 0.7 5.8 ± 1.2 4.9 ± 1 4.8 ± 0.7 4.7 ± 0.7
AUC 2h-oGTT n/a 104 ± 19 n/a 96 ± 24 94 ± 25 103 ± 22
fasting insulin (pmol/L) 73 ± 18 152 ± 98b 143 ± 98 124 ± 62 71 ± 43c 61 ± 35c
HOMA-IR 2.1 ± 0.8 4.9 ± 3.8b 5.3 ± 4.5 3.7 ± 1.9 2.1 ± 1.5 1.8 ± 1c
HbA1c (%) 4.77 ± 0.51 5.25 ± 0.33b 5.25 ± 0.3 4.99 ± 0.26c 4.93 ± 0.29c 4.9 ± 0.33c
CRP (mg/L) 6.53 ± 4.49 5.28 ± 3.67 3.93 ± 2.12 5.71 ± 8.32 2.06 ± 2.04 1.11 ± 0.84c
leucocytes (exp9/l) 7.46 ± 1.27 7.49 ± 1.71 8.48 ± 3.13 5.66 ± 1.66c 6.61 ± 2.11 6.30 ± 1.76
ASAT (μkat/l) 0.46 ± 0.36 0.47 ± 0.11 0.53 ± 0.17 0.57 ± 0.17 0.51 ± 0.14 0.46 ± 0.09
ALAT (μkat/l) 0.47 ± 0.4 0.62 ± 0.22 0.73 ± 0.42 0.9 ± 0.45 0.57 ± 0.22 0.41 ± 0.14
γ-GT (μkat/l) 0.61 ± 0.28 0.56 ± 0.34 0.53 ± 0.28 0.51 ± 0.27 0.25 ± 0.08 0.22 ± 0.09c
aReference group (RG) and RYGB group including baseline (BL), bariatric surgery (OP), and 1, 4, and 7 months follow-up (1, 4, 7, respectively)
fulfilled defined inclusion criteria described in the text. Given values are means ± SD. bIndependent t test. cANOVA; p < 0.05.
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deoxycholate (DOC), ammonium bicarbonate (ABC), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), iodacetamide
(IAA), retinol, bovine serum albumin (BSA), recombinant
human adiponectin expressed in Escherichia coli and protease
inhibitor cocktail were purchased from Sigma-Aldrich (Seelze,
Germany). Oasis HLB solid-phase extraction (SPE) columns
were purchased from Waters (Eschborn, Germany).
Potential candidate peptides were selected from purified
serum samples using MRMPilot (AB Sciex, Darmstadt,
Germany)28 as well as according to descriptions found
elsewhere.7,8 The peptides TGLQEVEVK for complement
C3, GDIGETGVPGAEGPR for adiponectin, ALQDQLV-
LVAAK for angiotensin, and YWGVASFLQK for RBP4 as
well as their 13C and 15N isotopic labeled analogues (bold
characters) for absolute quantification were synthesized by
Interdisciplinary Centre for Clinical Research (IZKF, Leipzig,
Germany). Additional information regarding their molecular
weights and used MRM transitions are found in Table S2,
Supporting Information.
Extraction of Adipose Tissue
Slices of visceral and subcutaneous fat (160−200 mg) were
thawed on ice and afterward extracted using 1 mL of 100 mM
Tris-HCl buffer including 10 μL of protease inhibitor cocktail
(100×; Sigma-Aldrich). Fat tissue samples were then manually
cut and homogenized on ice using Ultra Turrax T 10 tissue
homogenizer (Ika GmbH & Co., Staufen, Germany) for 1 min
and centrifuged at 10000g for 10 min at 4 °C. The resulting
aliquots were transferred into new tubes and stored at −80 °C
until further use.
Serum/Plasma Digestion and Sample Purification for
Peptide-MRM Analysis
All digests were performed using 20 μL aliquots of serum or
EDTA plasma or 300 μL of fat tissue extracts based on a
modified method of Proc et al.29 The fat tissue extracts were
lyophilized to dryness before digestion. No prior purification or
removal of high abundant proteins was performed in serum,
plasma, or fat tissue extracts. Samples were first diluted or
resuspended with 25 mM ABC to a total volume of 50 μL
afterward and denaturated with 50 μL of 10% DOC (w/v) for 5
min at ambient temperature. Samples were then further diluted
with 269.6 μL of 25 mM ABC, reduced with 41.1 μL of 50 mM
TCEP (5 mM final concentration), and alkylated with 45.6 μL
of 100 mM IAA (10 mM final concentration) for 30 min at 37
°C. Afterward, 43.8 μL of trypsin solution (1.6 mg/mL in 25
mM ABC) was added, and tryptic digestion at 37 °C was
carried out. The DOC concentration thereby was reduced to
1% (w/v) to ensure trypsin activity. For evaluation of the
Figure 1. Overview of methodical aspects during MRM-method development. (A) Typical chromatogram of target peptides from BSA and serum.
(B) Intensities of unlabeled and labeled precursor ions from BSA. (C) MRM chromatograms of target peptides in BSA.
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appropriate time for tryptic digestion, it was carried out for 1, 2,
4, 8, 12, and also 24 h.
The tryptic digestion was stopped by acidifying the sample
with 1 mL of 0.1% FA containing isotopic labeled peptide
standards and centrifuged at room temperature for 2 min at
15000g to effectively pellet DOC and remove it from the digest.
A total of 900 μL from each sample was further desalted and
concentrated by SPE using Oasis HLB (60 mg) columns. The
columns were prior conditioned and equilibrated with 1 mL of
MeOH and 1 mL of water. The sample solution was further
diluted with 5 mL of 0.1% FA and then loaded by gravity onto
the column. The columns were washed with 2 mL of water, and
peptides were eluted using 500 μL of 0.1% FA/ACN 1/1 (v/v)
and lyophilized to dryness. Lyophilized samples were
resuspended in 100 μL of 0.1% FA and loaded into autosampler
vials for LC-MS/MS analyses.
Nano-UPLC-MS/MS Peptide Analysis
All experiments were carried out on a nanoAcquity ultra-
performance liquid chromatography (UPLC) system (Waters)
coupled to a 5500 QTRAP mass spectrometer (AB Sciex)
equipped with an ESI Nanospray III source using PicoTip
emitters (noncoated silica tip, 10 μm, New Objective, Woburn,
USA).
Blanks, standards, or samples (1 μL) were trapped on a 2G
nano Acquity UPLC trap column (180 μm × 20 mm, 5 μm,
Waters) with 98% eluent A (water, 0.1% FA) and 2% eluent B
(ACN, 0.1% FA) with a flow rate of 15 μL/min for 5 min and
afterward separated on an Acquity BEH 130 column (75 μm ×
150 mm, 1.7 μm, Waters) with a flow rate of 350 nL/min at 40
°C. A linear gradient of Eluent B was used for peptide
separation: 0 min 2%; 2 min 2%; 30 min 30%; 35 min 85%; 40
min 85%; 40.5 min 2%; 60 min, 2%.
Positive nano-ESI-MS/MS mass spectrometry was per-
formed using the following parameters: interface heater
temperature 150 °C, ion spray voltage 2.3 kV, curtain gas 20
AU, collision gas “medium”, ion source gas 1 15 AU; optimized
declustering potential, entrance potential, collision cell exit
potential for multiple reaction monitoring (MRM) experiments
were set to 80 V, 10 V, 10 V, respectively. Doubly charged
precursor ions were selected in Q1 and monitored together
with three singly charged y-ions of each peptide in Q3 (Figure
1 and Table S2). Collision energies for each transition were
optimized by MRMPilot (AB Sciex) iteration experiments. Data
were acquired and analyzed using Analyst software 1.6 (AB
Sciex).
Standard solutions were prepared by appropriate dilution of
the stock solutions with BSA. The concentrations of peptides in
these standards ranged from 0.5 to 1000 ng/mL. The
calibration curves were obtained by using weighted (1/x)
least-squares regression analysis and were made by the internal
standard method, where the ratio of the areas were plotted
against the concentration of analytes in the calibration
solutions.
Validation of Peptide MRM-Based UPLC-MS/MS Method
As above-described, evaluation of appropriate time tryptic
digestion was carried out for 1, 2, 4, 8, 12, and 24 h using
pooled EDTA-plasma and serum collected from healthy
donors. To evaluate intra- and interday imprecision aliquots
of the serum pool were reduced, alkylated, and digested
separately and then analyzed using LC-MS/MS method over a
period of 5 consecutive days. The limit of detection (LOD) and
lower limit of quantification (LLOQ) were considered to be at
a signal-to-noise ratio of 3 and 10, respectively, and were
determined using labeled standard peptides spiked into 50 g/L
BSA matrix as well as pooled serum.
Serum Purification and Quantification of Retinol Using
UPLC-MS/MS
Sample preparation for retinol analysis based on a modified
method of Gundersen et al.30 was as follows: Serum samples
(20 μL) were precipitated with ACN (40 μL). After being
subjected to vortexing (2 min) and centrifugation (15000g for 5
min, 4 °C) 40 μL aliquots of supernatants were diluted with 40
μL of water loaded into autosampler vials and analyzed by LC-
MS/MS.
All analyses were performed on an UltiMate 3000 RSLC
(Thermo Fisher Scientific, Dreieich, Germany) a 5500 QTRAP
mass spectrometer (AB Sciex) equipped with an APCI Heated
Nebulizer source. Liquid chromatography was performed in
gradient elution mode using Acquity C18, (50 mm × 2.1 mm,
1.7 μm, Waters) at 60 °C with eluent A (water, 0.1% FA) and
eluent B (ACN, 0.1% FA) with a flow rate of 900 μL/min. The
injection volume of each sample was 2 μL. A linear gradient of
Eluent B was used: 0 min 5%; 2.5 min 100%; 4 min 100%; 4.05
min 5%; 5 min 5%.
For retinol quantification MS was operated in positive ion
and multiple reaction monitoring (MRM) mode. Optimized
APCI-MS/MS-dependent parameters were as follows: ion
spray voltage 5.5 kV, ion source gas 1, ion source gas 2,
curtain gas, nebulizer current 50, 60, 30, 5 (arbitrary units),
respectively. The source temperature was maintained at 350 °C.
The MRM-assay was performed by monitoring precursor ion of
m/z 269.0 ([M + H − H2O]+) together with three
characteristic product ions at m/z 119.0, 199.0, and 213.0.
Optimized declustering potential, entrance potential, and
collision cell exit potential for multiple reaction monitoring
(MRM) experiments were set to 80 V, 10 V, 13 V, respectively.
Standard solutions were prepared by appropriate dilution of the
stock solutions with water/ACN 1/1 (v/v). The concentrations
of retinol in these standards ranged from 1 to 1000 ng/mL. The
calibration curves were obtained by using weighted (1/x) least-
squares regression analysis.
Quantification of Proteins Using ELISA
For comparison and validation of MRM results in serum and
adipose tissue complement C3, complement fragment iC3b,
complement fragment C3c, total and high molecular weight
(HMW) adiponectin, angiotensinogen, renin activity, retinol
binding protein 4 (RBP4), and transthyretin were furthermore
accomplished using commercial ELISA kits (Table S1,
Supporting Information) according to the manufacturer’s
instructions.
Quantification of the Adiponectin Isoforms by Western
Blot
Adipose tissue was cut into small pieces and 100 mg was
incubated in 1 mL Krebs/Ringer phosphate buffer (pH 7.4)
supplemented with 40 g/L of bovine serum albumin, and 1 g/L
of glucose at 37 °C in a shaking water bath.20 After 4 h of
incubation, the conditioned medium was collected from each
sample and immediately frozen and stored at −80 °C until
analysis.
Serum samples (2 μL) and adipose tissue explants (5 μL)
were diluted with sample buffer (without mercaptoethanol and
SDS), and proteins were separated by 7% native polyacrylamide
gel electrophoresis under nonreducing and nondenaturing
Journal of Proteome Research Article
dx.doi.org/10.1021/pr500722k | J. Proteome Res. 2014, 13, 5784−58005788
conditions. Gels were run at 120 V for 2.5 h at 10 °C. The
resolved proteins were transferred to a nitrocellulose membrane
and incubated overnight at 4 °C with antihuman adiponectin
antibody (1:1000, rabbit polyclonal antibody, BioVendor,
Heidelberg, Germany). After incubation with a horseradish
peroxidase-conjugated goat anti rabbit IgG (1:5000, Cell
Signaling Technology, Danvers, MA, USA), specific bands
were visualized using enzymatic chemiluminescence (Super-
SignalWest Pico Chemiluminescent Substrate, Thermo Scien-
tific, Rockford, USA) and film development (Kodak T-Mat Plus
DG, Carestream Health Deutschland GmbH, Stuttgart,
Germany). Band intensities were analyzed using ImageJ 1.47v
software (Wayne Rasband, National Institutes of Health, USA).
Distribution of adiponectin isoforms in serum and adipose
tissue was expressed as a ratio (%) of each isoform to total
adiponectin amount (intensity of all isoforms expressed
together as 100%).
Statistical Analysis
Data analysis was performed using Prism 6 for windows
(GraphPad Software, La Jolla, USA). Statistical differences were
calculated by ANOVA or independent Student t test. A p-value
≤ 0.05 was considered statistically significant. The data are
shown as mean ± SEM.
■ RESULTS
The evaluation of the presented method was performed in a
two-step manner as shown in Figure S1, Supporting
Information. At first, the development of the MRM assay was
advanced by selection of proteotypic peptides for proteins of
interest (see further Table S2, Supporting Information) and
required analytical parameters for their quantification were
determined. In a second step the validation of the established
assay in a pilot study cohort was carried out by comparison to
already established ELISA quantification, ascertainment of
further protein-related parameters (e.g., serum retinol, renin
activity) as well as correlation to phenotypic data of liver
enzymes, fat and glucose metabolism (see Table 1).
Development of MRM Assay and Nano-UPLC-MS/MS
Peptide Analysis
The optimization of target was performed by use of MRMPilot
software routine verification and optimization methods (e.g.,
CE optimization). In parallel, optimization of source specific
parameters (e.g., source temperature, ionspray voltage, gas
pressure) was performed by infusion of peptide standard
solutions and revealed a MRM assay for the peptides of interest
consisting of a quantifier and two qualifier MRM transitions per
peptide (Table S2). Additionally, fragment ion spectra of the
four proteotypic peptides were recorded for verification
consisting mainly of ions from the respective y-series (Figure
S2, Supporting Information).
The use of a single pump trapping for sample application in
combination with C18 reversed-phase chromatography was
shown to be well-suited for matrix elimination and analytical
peptide separation. The trapping of the injected samples on a
C18 trap column allowed the sample application within 5 min
and is therefore a good alternative to a direct injection onto the
nano-LC column. Furthermore, potential carry-over effects
could be minimized due to a more than 40-times higher flow
rate during sample application compared to the analytical flow
rate. The subsequent chromatographic separation on a nano-
UPLC column using ACN as organic modifier showed
retention time variances ≤0.1 min as well as sufficient matrix
separation. No disturbing effects from BSA- or serum matrix
were observed (Figure 1A). A 40 min gradient enabled the
chromatographic separation of the target analytes and offers
still space for the later addition of further serum/plasma
relevant proteins (Figure 1A).
The quantification of peptides was carried out by isotope
dilution. Thereby one particular amino acid (valine, leucine, or
isoleucine; see Table S2) was fully 13C and 15N labeled,
resulting in a total mass difference of 6 or 7 Da compared to the
native molecule. Hence, by monitoring the doubly charged
precursor ions an absolute mass shift of 3−3.5 Da was
observed, which is unambiguously distinguishable even with
low resolution mass spectrometry (Figure 1B).
The combination of nano-UPLC using an optimized gradient
and MRM detection resulted in sharp chromatographic signals
(fwhm 0.1−0.2 min), which represent a good basis for sensitive
peptide quantification (Figure 1C).
Validation of Analytical Parameters of Peptide MRM-Based
UPLC-MS/MS Method
As described in Figure 1 the development of the MRM assay
included the determination of the detection limits for the
peptide quantification in BSA and serum. Thereby LOD and
LLOQ were determined in an artificial BSA matrix by adding
standard peptides and internal standards to the digested BSA
matrix. Because of the endogenous serum proteins, this method
is not feasible for the determination of the analytical sensitivity
from serum itself. Therefore, a digested serum pool was spiked
only with the labeled standard peptides to analyze the detection
limits and overcome this issue. As Table 2 shows the LOD for
the quantification of the four tryptic peptides was calculated to
be in the high pg/mL to low ng/mL range. The absolute
differences between BSA-matrix and serum LOD were small
indicating that the serum-matrix does not have a significant
impact on the analytical sensitivity and that BSA-matrix
simulates efficiently the complete serum. Indeed, for comple-
ment C3 a higher LOD for serum compared to BSA was
observed, which could be caused by varying serum abundance
of this protein. However, the LLOQ for the investigated
proteins is mainly 10-times lower than the native serum
concentrations and thus enables the basis for a reliable
quantification. This was supported by a linearity of the MS
detection of at least 3.5 orders of magnitude (data not shown).
Table 2. Limits of Detection (LOD) and Lower Limits of Quantification (LLOQ) for Target Peptides from Serum and (BSA)
and Their Corresponding Values for Respective Proteins
LOD LLOQ
peptide (ng/mL) protein (μg/mL) peptide (ng/mL) protein (μg/mL)
complement C3 3.14 (0.97) 109.51 (33.83) 10.47 (3.22) 365.15 (112.30)
adiponectin 0.12 (1.29) 0.04 (0.45) 0.40 (4.30) 0.14 (1.51)
angiotensinogen 0.95 (0.65) 1.67 (1.14) 3.17 (2.15) 5.57 (3.78)
RBP4 0.82 (0.87) 0.30 (0.32) 2.73 (2.91) 1.01 (1.07)
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Furthermore, the intra- and interassay imprecision was
determined from a serum pool in a 5-fold manner (intra-
assay; n = 5) as well as for five consecutive days (interassay; n =
25). For three of the analytes variation coefficients ≤5% were
obtained. Solely the quantification of adiponectin showed
slightly higher uncertainties presumably due to the lowest
absolute serum level compared to the other proteins (Table 3).
As described earlier the sample preparation including
denaturation, reduction/alkylation, and digestion was a
modified protocol of Proc et al.29 For verification of appropriate
times for tryptic digestion of the samples, plasma and serum
digestion times were investigated with the respect to relative
intensity differences (Figure S3). For complement C3 and
adiponectin increasing relative intensities with advanced
Table 3. Intra- and Interassay Variabilities for Serum MRM Analysesa
intra-assay interassay
peptide (ng/mL) protein (μg/mL) correlation coefficient (r)
complement C3 mean 66.06 (64.50−67.67) 65.87 (64.39−68.01) 2297.40 0.999
SD 2.21 1.35
CV% 3.35 2.05
adiponectin mean 2.39 (2.10−2.59) 2.40 (2.38−2.42) 0.84 0.999
SD 0.20 0.32
CV% 8.21 13.42
angiotensinogen mean 34.61 (33.50−35.33) 33.94 (33.16−34.41) 59.59 0.997
SD 2.04 0.94
CV% 5.90 2.78
RBP4 mean 28.71 (26.97−29.73) 30.04 (27.07−34.32) 11.07 0.981
SD 1.60 1.82
CV% 5.57 6.06
aPeptide concentrations were calculated as mean of three MRM-transitions (see also Table S2). Values in brackets represent the obtained
concentration range for quantification via single MRM transitions. The protein concentration was calculated from the respective inter-assay mean
value.
Figure 2. Analyses of complement C3. (A) Scheme of complement C3 isoforms with corresponding position of target MRM peptide. (B)
Quantification of complement C3 in visceral (left) and subcutaneous (right) tissue from lean (white) and obese (black) subjects using MRM. Inset
shows corresponding ELISA quantification. Concentrations were normalized to total protein content. (C) Quantification of complement C3 in
serum from lean (white) and obese (black) subjects using MRM. Inset shows corresponding ELISA quantification. (D) Quantification of inactivated
complement fragment 3b (iC3b; top) and complement fragment 3c (C3c, bottom) in visceral (left) and subcutaneous (right) tissue from lean
(white) and obese (black) subjects using ELISA. (E) Quantification of complement inactivated complement fragment 3b (iC3b) in serum from lean
(white) and obese (black) subjects using ELISA. (F) Quantification of complement fragment 3c (C3c) in serum from lean (white) and obese (black)
subjects using ELISA. Serum of obese patients was monitored at baseline (BL), before bariatric surgery (OP), 1, 4, and 7 months after surgery (1, 4,
7, respectively). *Independent t test comparison of lean and obese; line represent posthoc analysis following Bonferroni correction if ANOVA was
statistical significant; p < 0.05).
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duration could be obtained, indicating a maximum after 24 h.
For angiotensinogen as well as RBP4 maximum relative peak
intensities occurred already between 2 and 4 h with subsequent
decrease. With respect to the aim of providing a method for a
multicomponent quantification a combined sample preparation
is necessary, and according to this a compromise of a 12 h
digestion time was chosen.
Clinical verification of MRM Assays
We developed the MRM assay to differentiate between lean
(BMI ≤ 25) and obese phenotype (BMI ≥ 30) and to monitor
changes in the surrogate markers reflecting status of obesity
related comorbidities.
For this purpose, we used the gold standard method of
ELISA for direct comparison of the protein abundance with
MRM peptide based assay in serum and in visceral/
subcutaneous adipose tissues. In addition, we analyzed several
pathway/function related analytes to explore the possibility of
improving the interpretation of MRM assay data.
I: Complement C3. In Figure 2A the position of the
analyzed peptide sequence (see also Table S2) within the intact
C3 protein is shown. Below several proteolytically cleaved
fragments of complement C3 are listed. Notably, in C3b, iC3b,
and C3c the MRM target peptide is still present and therefore
also accessible for the MS-based measurements but not relevant
for ELISA quantification of the complete complement C3.
Complement C3 is an adipocytokine and Figure 2B
illustrates complement C3 abundance in visceral (white bars)
and subcutaneous (black bars) adipose tissue. MRM showed
significantly higher complement C3 concentrations in subcuta-
neous adipose tissue in obese patients (black bars), while levels
in visceral tissue were not different between lean and obese
cohort. ELISA measurements were congruent by also detecting
significantly higher complement C3 levels in subcutaneous
adipose tissue of obese patients (inset, black bars), and the
concentration of complement C3 measured was well
comparable between both MRM and ELISA (Figure 2B).
As depicted in Figure 2C serum complement C3 was
measured in obese patients receiving a RYGB weight loss
surgery and compared to a lean reference group (RG). MRM
showed preoperative significantly higher baseline levels of
complement C3 (BL), which were significantly lowered
following a two-week low energy diet (OP). Following RYGB
complement C3 levels were higher compared to RG (1, 4, 7
months); however, no changes were observed following RYGB
compared to baseline levels of complement C3 (BL). In
contrast, ELISA (inset) revealed upregulation of complement
C3 levels following two-week low energy diet, while post-
operative levels were not different from baseline levels (BL).
Further analysis showed that MRM data did not correlate well
with ELISA measuring about 12-fold higher complement C3
levels than ELISA in serum (Figure 2C).
Figure 3. Analyses of adiponectin. (A) Scheme of adiponectin multimers with corresponding position of target MRM peptide in monomeric form.
(B) Quantification of adiponectin in visceral (left) and subcutaneous (right) tissue from lean (white) and obese (black) subjects using MRM. Inset
shows corresponding ELISA quantification. Concentrations were normalized to total protein content. (C) Quantification of total adiponectin in
serum from lean (white) and obese (black) subjects using MRM. Inset shows corresponding ELISA quantification. (D) Western blot analyses of low-
(LMW), medium- (MMW), and high molecular weight (HMW) adiponectin multimers (top) in tissue (left) and plasma (right) from lean and obese
subjects. Relative distribution of adiponectin isoforms (bottom) in visceral and subcutaneous tissue (left) and plasma (right) expressed as a ratio (%)
from lean and obese subjects. (E) Quantification of high molecular weight (HMW) adiponectin in visceral (left) and subcutaneous (right) adipose
tissue (top) from lean (white) and obese (black) subjects using ELISA. Quantification of high molecular weight (HMW) adiponectin in serum
(bottom) from lean (white) and obese (black) subjects using ELISA. Serum of obese patients was monitored at baseline (BL), before bariatric
surgery (OP), 1, 4, and 7 months after surgery (1, 4, 7, respectively). * Independent t test comparison of lean and obese; line represent posthoc
analysis following Bonferroni correction if ANOVA was statistical significant; p < 0.05).
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In order to elucidate the difference between MRM and
ELISA we measured iC3b and C3c by ELISA. We found no
difference of iC3b in adipose tissue comparing lean and obese
cohort (Figure 2D, top), but significant upregulation in serum
of obese phenotype at baseline (BL) and following preoperative
diet (Figure 2E). Interestingly, iC3b levels were significantly
downregulated 4 and 7 months after RYGB (Figure 2E). In
contrast, C3c clearly differentiated between lean and obese with
higher levels in both visceral and subcutaneous adipose tissue in
obese (Figure 2D, bottom) and showed a 3-fold upregulation at
baseline in serum (Figure 2F). In addition we observed a
significant stepwise downregulation of C3c following RYGB
(Figure 2F).
II: Adiponectin. Adiponectin circulates in different
molecular weight mono- and multimers with the latter being
the biologically active form. Therefore, we compared the MRM
data with total adiponectin, LMW, MMW, and HMW
adiponectin measured by specific ELISAs or Western blot in
serum and adipose tissue. Figure 3A shows the position of the
selected peptide sequence for MRM quantification inside the
target protein in a proposed collagen-like structure as well as
the different adiponectin multimers (low, medium, and high
molecular weight) as mono-, tri-, hexa-, and multimers.
MRM showed no significant differences between total
adiponectin distributions in adipose tissues (Figure 3B). In
comparison, total adiponectin levels were significantly lower in
obese subcutaneous adipose tissue when measured by ELISA.
Interestingly, MRM protein detection was about 50-fold lower
than a detection by ELISA (Figure 3B, inset).
While MRM did not detect significant differences in total
adiponectin between RG, BL, OP, and postoperative serum,
ELISA showed significant downregulation of total adiponectin
in BL and following low-energy diet prior to operation (OP).
However, at 1, 4, and 7 months postoperative the total
adiponectin levels reached control levels and did not differ from
RG (Figure 3C). It is also noteworthy that despite the large
difference in absolute concentrations the relative differences in
the samples are highly similar between the different detection
methods.
Figure 3D top illustrates the Western blots of visceral (left),
subcutaneous (middle) adipose tissue and serum analyses of
the different isoforms (right). Quantification of the isoforms
from Western blots revealed significant changes in the relative
proportions of LMW and HMW adiponectin following
postoperative surgery compared to RG (Figure 3D bottom).
Therefore, we further examined the abundance of the
biologically active HMW adiponectin by ELISA. In adipose
Figure 4. Analyses of angiotensin. (A) Scheme of renin−angiotensin−aldosterone system with corresponding position of target MRM peptide. (B)
Quantification of angiotensinogen in visceral (left) and subcutaneous (right) tissue from lean (white) and obese (black) subjects using MRM. Inset
shows corresponding ELISA quantification. Concentrations were normalized to total protein content. (C) Quantification of angiotensinogen in
serum from lean (white) and obese (black) subjects using MRM. Inset shows corresponding ELISA quantification. (D) Determination of renin
activity in serum from lean (white) and obese (black) subjects using ELISA (top). Calculated ratio of serum angiotensinogen/renin activity in serum
from lean (white) and obese (black) subjects. Serum of obese patients was monitored at baseline (BL), before bariatric surgery (OP), 1, 4, and 7
months after surgery (1, 4, 7, respectively). *Independent t test comparison of lean and obese; line represent posthoc analysis following Bonferroni
correction if ANOVA was statistical significant; p < 0.05).
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tissue samples we did not find significant differences (Figure
3E, top), whereas in serum HMW adiponectin showed a
stepwise increase and was significantly higher 7 months
following RYGB (Figure 3E, bottom).
III: Angiotensinogen. Figure 4A illustrates the importance
of the renin-angiotensin system (RAS) in different human
tissues. The precursor angiotensinogen is processed into the
bioactive peptidhormones angiotensin I (decapeptide) and
angiotensin II (octapeptide), which do not have suitable trypsin
cleavage sites. The tryptic MRM peptide is only present within
the angiotensinogen precursor protein. By MRM we found
significantly higher angiotensinogen levels in subcutaneous
adipose tissue in obese compared to lean (Figure 4B).
However, ELISA could not detect any difference. Absolute
tissue levels of angiotensinogen were comparable between
MRM and ELISA (Figure 4B, inset). In serum MRM measured
significantly lower angiotensinogen at OP following a 2-week
low-energy diet and at 4 and 7 months follow-up (Figure 4C).
Those differences were not observed by using ELISA, showing
no regulation of angiotensinogen (Figure 4C, inset). MRM
values averaged 4-times higher than ELISA (Figure 4C). To
estimate the cleavage of angiotensinogen to angiotensin I we
monitored the responsible enzyme activity of renin in serum.
Since biological activity of the RAS strongly depends on the
activity of the primary enzymatic step in the activation cascade
of angiotensinogen (Figure 4A), we measured renin activity and
calculated the ratio of serum angiotensinogen per renin activity
(Figure 4D). We found significant alterations of renin activity
following RYGB and compared to RG renin activity was
significantly downregulated at BL and 4 months follow-up
(Figure 4D, top). Angiotensinogen/renin activity ratio was
higher in obese phenotype (BL) and during follow-up, except
following 2 weeks of a protein-enriched diet (OP; Figure 4D,
bottom).
IV: RBP4. RBP4 can be measured by MRM (MRM peptide,
Figure 5A). However, the proper interpretation of the data
requires additional information on the abundance of retinol and
transthyretin, proteins which are known to complex with RBP4
to form the bioactive ligand (Figure 5A). We found significantly
lower RBP4 values in visceral adipose tissue in obese patients
by MRM, while RBP4 levels were unchanged in subcutaneous
adipose tissue (Figure 5B). However, ELISA demonstrated
lower RBP4 levels in both visceral and subcutaneous adipose
tissues. The levels of RBP4 in adipose tissues were comparable
between MRM and ELISA (Figure 5B, inset). MRM serum
levels of RBP4 were significantly higher in the obese cohort at
BL compared to RG. Significantly lower RBP4 levels were
found following 2 weeks of a low-energy diet (OP) and 4
months following RYGB (Figure 5C), while ELISA showed
significant downregulation at OP, 1 and 4 months after RYGB.
Detection of serum RBP4 by MRM was about 2-fold lower
than ELISA (Figure 5C, inset).
Figure 5. Analyses of RBP4. (A) Scheme of transthyretin−retinol−RBP4 transportation system with corresponding position of target MRM peptide.
(B) Quantification of RBP4 in visceral (left) and subcutaneous (right) tissue from lean (white) and obese (black) subjects using MRM. Inset shows
corresponding ELISA quantification. Concentrations were normalized to total protein content. (C) Quantification of RBP4 in serum from lean
(white) and obese (black) subjects using MRM. Inset shows corresponding ELISA quantification. (D) Quantification of retinol in serum (top) from
lean (white) and obese (black) subjects using MRM. Calculated ratio of serum RBP4/retinol (bottom) in serum from lean (white) and obese
(black) subjects. (E) Quantification of transthyretin in serum (top) from lean (white) and obese (black) subjects using ELISA. Calculated ratio of
serum RBP4/transthyretin (bottom) in serum from lean (white) and obese (black) subjects. Serum of obese patients was monitored at baseline
(BL), before bariatric surgery (OP), 1, 4, and 7 months after surgery (1, 4, 7, respectively). *Independent t test comparison of lean and obese; line
represent posthoc analysis following Bonferroni correction if ANOVA was statistical significant; p < 0.05).
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ELISA showed significant downregulation of serum retinol
obese cohort at BL compared to RG and at 4 and 7 months
following RYGB (Figure 5D, top). The ratio of RBP4 and
retinol was significantly higher in the obese cohort at BL, and
no effect of preoperative diet or RYGB was seen (Figure 5D,
bottom).
Transthyretin serum levels were significantly higher in obese
cohort at BL and OP compared to RG but significantly lower at
7 months following RYGB. Following RYGB, TTR was
significantly downregulated (Figure 5E, top). The ratio of
RBP4 and TTR was significantly upregulated following RYGB
compared to RG (Figure 5E, bottom).
■ DISCUSSION
In the present study, we developed a MRM assay for the
detection and quantification of serum proteins reflecting
obesity related comorbidities. Monitoring of comorbidities is
essential not only during follow-up of bariatric surgeries but
also for indication of surgical intervention as recently
recommended in several guidelines for metabolic surgery in
obesity.31 Especially because of the distinct effects of the well-
established bariatric interventions such as RYGB or sleeve
gastrectomy (SG) onto malrestriction and malresorption,32 it is
of utmost importance to monitor metabolic alterations in
relation to changes of comorbidities. Therefore, we need tools
to address individual risk profiles to support the therapeutical
decisions to find the individually most promising weight loss
surgery treatment. Additionally those surrogate markers should
be able to closely monitor the intervention related changes in
comorbidities.
MRM assays have proven to be especially valuable for
analysis of small sample sizes and can be adapted to various
analyte sources.7,9,33 Here we demonstrated the use of the same
MRM assay for measurements of serum proteins and in adipose
tissue extracts (Figures 2−5). In addition, in principal MRM
can also be used to detect proteins which are no specific
antibodies are available (e.g., ELISA) and can be multiplexed to
analyze up to about several hundred analytes in one LC
run.7,8,33 However, it is important to clearly define specific
disease related markers and to verify that the changes of
comorbidities such as cardiovascular risk, disturbed glucose
metabolism and inflammation are reflected in changes of the
surrogate biomarkers. Recent studies demonstrated the
potential of MRM to measure a high number of analytes,
however, there is a significant lack in clinical validation of the
included biomarkers.34,35
On the one hand, MRM faces the problem that it measures
peptides which not necessarily represent the whole protein of
interest (see C3, angiotensinogen Figures 2 and 4) and that
those proteins only can be evaluated in the context of the
pathways they are involved in. On the other hand, the clinical
relevance has to be verified for each of the analytes of interest,
since in most cases the direct dependence from the comorbidity
is not sufficiently validated. Therefore, we developed a robust
MRM assay covering complement C3, adiponectin, angiotensi-
nogen, and RBP4, four surrogate biomarkers of several obesity
related comorbidities, e.g., chronic inflammation, insulin
resistance, type-2 diabetes, hypertension as well as cardiovas-
cular diseases and tried to verify those by comparable as well as
complementary methods.
The mass spectrometric quantification of target proteins
depends on the analytical sensitivity of the ascertained
proteotypic peptide(s) assuming to reflect the whole target
protein from the chosen or available sample matrix. Besides the
simple constraint of the disposability of a certain sample
material, the question of using plasma or serum for MRM
peptide quantification is still unanswered. In the past few years
MRM assays for the targeted quantification of protein
biomarkers using MRM from plasma7,8,36,37 and serum38−42
were described in approximately equal parts. Recently,
Chambers et al. presented the quantification of abundant
proteins using the MRM approach from dried blood spots.43
Here we describe for the first time the combination of MRM
peptide quantification from serum and adipose tissue extracts.
One general prerequisite for the quantification of protein
biomarkers from different matrices is the cleavage into MS
accessible peptide fragments by proteolysis. As described above,
the sample preparation is based on a modified method of Proc
et al.29 using the widely accepted isotopic dilution procedure
applying a heavy labeled counterpart of the target peptide as
internal standard (Table S2, Supporting Information). How-
ever, since the heavy labeled standards commonly used are
available as “matrix-less” peptides they cannot fully reflect the
efficiency of the denaturation and reduction/alkylation, and
above all they are not suited to monitor the tryptic cleavage of
target proteins. To address this particular question, we
compared signal intensities of adiponectin released from
recombinant human adiponectin in 50 g/L BSA with the
unlabeled peptide from the same matrix after running the
complete sample preparation protocol and MS-analysis
resulting in 3-fold higher intensities of the peptide compared
to the recombinant protein (data not shown, Figure S1,
Supporting Information). This could be one possible
explanation for different serum adiponectin levels using MRM
quantification compared to previous work.36 In addition Lin et
al. used a different target peptide sequence. Hence, we tried to
compare MRM quantification results of Lin et al. by analyzing
the same target peptide sequence. However, the described
triply charged precursor ion and its corresponding fragment
ions were not detectable with the required sensitivity from
serum using 5500 QTrap instrument, which empirically shows
higher sensitivity for the detection of doubly charged precursor
ions.
Further on Lin et al. used a divergent protocol for sample
preparation including, e.g., a depletion step for removing the
top-six abundant proteins and a different chaotropic agent
compared to the here described protocol. To extenuate the
often discussed high dynamic range of protein expression in
plasma or serum and to reduce sample complexity which even
increases induced by tryptic digestion, the depletion of high
abundant proteins is one of the major preprocessing steps. In
our used preparation protocol we intentionally omitted a
depletion to avoid another time-consuming step potentially
connected with often described resulting drawbacks like
unwanted removal of other proteins, decreasing reproducibility,
sample dilution, or higher costs.44,45 However, in the field of
biomarker discovery or for the targeted analysis of lower
concentrated proteins a depletion of abundant proteins is
essential even if it causes higher efforts to implement it in
clinical settings. As Proc et al. demonstrated earlier, the choice
of reagents and detergents can also have a major influence on
peptide release from sample matrix and thus can influence the
“absolute” peptide quantification strongly.29 Comparing serum
levels of the four investigated surrogate biomarkers from the
underlying reference group with previous reported data the
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absolute concentrations varied at maximum 3-fold and beyond,
indicating methodological accordance.7,36
Proc et al. showed furthermore the different behavior of
proteins during tryptic digestion pointing out that there is an
optimum time frame for maximum digestion efficiency. As
shown in Figure S3 we were able to confirm these differences in
terms of highlighting optimal ranges for a time-dependent
tryptical cleavage of our target peptides. With regard to earlier
described highly multiplexed approaches using scheduled
monitoring of several hundred MRM transitions7,8,35,43,46
which is doubtless one major advantage of mass spectrometric
protein quantification compared to ELISA all described
methods used one universal protocol for sample purification
resulting in a compromise to the optimal sample preparation
for each particular protein.
In most of the previous works one peptide candidate was
quantified and the obtained concentration extrapolated to the
protein amount. Domanski et al. showed the effect of different
responses of tryptic peptides originating from the same
protein,35 indicating another potential source of variation
regarding protein quantification using MRM. In terms of a
higher validity of the MRM assays more than one peptide
sequence for the quantification of the target protein should be
used.47 Higher efforts regarding method development, along
with higher costs and the condition for a lower multiplex level
might be some reasons against. Another mandatory step for
establishing a robust and reliable system performance is the
implementation of a protocol for a fast determination of
potential sources for MS instrument variabilities in one as well
as between different laboratories running comparable MRM-
based peptide quantification assays as shown by Abbatiello et
al.1 This protocol includes analytical parameters like peak
tailing, retention time drift, variation coefficients, or carry-over
and will definitely help to minimize interlaboratory differences
as described above. However, the work of Abbatiello et al. faces
analytical and instrument-based problems but will not address
questions regarding the comparability to other methodological
platforms.48
To overcome these issues, it might be worthwhile to validate
the established MRM assay additionally against the still
persisting gold-standard method, which is in most cases the
ELISA quantification. Surprisingly, this was done rather rarely
in the past. Especially in the above-mentioned highly
multiplexed assays, this might again be a matter of costs.
Comparing our results for the serum quantification of
complement C3 using MRM and ELISA as shown in Figure
2C, we detected 5−12-fold higher absolute values for the MRM
assay. One potential source for an additional contribution to
higher MRM-based concentrations arises by considering
proteolytical isoforms of complement C3 (Figure 2A) which
due to the position of the target peptide will be detected in the
MRM-assay even in the spliced variants of complement C3.
This points out one major drawback of the MRM approach
compared to the ELISA to not be able to resolve the significant
alterations of complement C3 isoforms (iC3b, C3c) following
RYGB (Figure 2E,F) without additional effort on sample
preparation, e.g., immuno-MRM. This holds also true for the
detection of the bioactive peptide hormones angiotensin I and
II which are not accessible via the standard sample preparation
workflow.
In general the comparison of MRM and ELISA revealed
higher absolute differences in serum according to MRM-based
methods among themselves and has to be validated more
distinctly. Figure S4 shows additional insight into correlation
between MRM and ELISA quantification. As depicted in Figure
S4A a significant correlation for serum adiponectin and RBP4
as well as trends for complement C3 and angiotensinogen were
observable. Column S4B represents the absolute differences
according to the different time points of the presented study,
indicating that no unidirectional difference between both
applied methods underlie these data. This underlines that
despite the absolute differences between both methods the
obtained serum levels reflect methodological similarities, which
could be the basis for the implementation of correction factors
after a comprehensive generation of reference values for MRM-
peptide quantification from serum.
The comparability of tissue extract quantifications using both
methods is even better maybe due to the additional
normalization to the total protein amount except for the
quantification of adiponectin resulting in a 200-fold difference
(Figure 3B). Summarizing the methodological aspects of the
presented work, it has to be stated that MRM quantification has
to be further validated particularly regarding the comparability
of different MRM approaches and in terms of an entire
reflection of the sample preparation. Nevertheless, the potential
of MRM-based protein quantification especially for a clinical
pre- and postsurgery interventional monitoring of disease-
related comorbidities was demonstrated.
The established inflammation marker C3 is characterized by
the occurrence of multiple active proteins (e.g., C3b, iC3b, C
3f, C3c, C3dg) and has been shown to be regulated in obese
phenotype.49,50 The special challenge for MRM assay develop-
ment is the fact that the tryptic peptides of C3 reported in
previous studies7,8,51 are unable to differentiate between C3-
related active peptides (Figure 2A). It is well-known that
complement C3 is highly expressed in visceral adipose tissue of
obesity phenotype and in subjects with type-2 diabetes.52 In our
study we found no differences in visceral adipose tissue
expression of complement C3 but higher levels in subcutaneous
adipose tissue of obese phenotype (Figure 2B). One
explanation for our different findings could be that most
studies used gene expression to investigate complement C3
tissue specific regulation but were also not able to distinguish
between the different proteolytic forms. Moreover, since
correlation between mRNA and protein abundance regularly
does not exceed correlation factors of 0.6, it seems advisible to
focus on protein-based studies to investigate the significance of
complement C3 regulation in obesity-related comorbidities.
However, we found high serum levels of complement C3 in
obese phenotype independent of the amount of weight loss
(Figure 2C). This finding could be based on several
explanations: (I) still increased body weight following 7-
month follow-up; (II) stimulation of complement C3 cascade
by free fatty acids such as palmitate.53 The latter is further
supported by our finding that a preoperative 2-week protein-
enriched diet significantly reduced complement C3 in our
obese cohort, but still remained significantly higher compared
to lean (Figure 2C). To elucidate complement C3 cascade
activation it is essential to investigate the downstream proteins
such as C3c which showed clear downregulation to meet
normal serum levels at 7 months following weight loss surgery
(Figure 2F). Our findings indicate that the inflammation status
reflected by complement C3 cascade is readily reduced by
RYGB. We recommend MRM measurement for monitoring of
chronic inflammation, but examination of classic and alternative
complement cascade has to be performed additionally.
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From the more than 1000 studies over the past two decades
since its discovery, it is well-known that adiponectin sensitizes
peripheral tissues to insulin and protects against inflammation
and apoptosis.54 Since insulin resistance, inflammation, and
disturbed cell vitality are major comorbidities in obese
phenotype and adiponectin is prominently expressed in adipose
tissue,55 it is reasonable to monitor adiponectin levels in tissue
and serum following weight loss interventions.
By MRM, we found no significant differences in adiponectin
levels between visceral and subcutaneous adipose tissue (Figure
3B). This finding is in contrast to the study of Murdolo et al.
showing lower interstitial adiponectin levels in subcutaneous
adipose tissue in obese compared with lean.56 Consistent with
our data, several studies showed no difference in total
adiponectin secretion between subcutaneous and omental
adipocytes in subjects with a wide range of BMI.20,57
Despite serum adiponectin accounts for only 0.01% of total
plasma proteins,58 it is of major importance for the metabolic
steady state, and therefore we decided to include adiponectin in
our serum-based MRM assay as a potent clinical biomarker.54
In MRM assay, we found reduction of adiponectin by trend
in obese phenotype at baseline and normalization following
RYGB weight loss surgery (Figure 3C). Thereby, the trend of
MRM assay was in line with the ELISA measurement
demonstrating significant downregulation of adiponectin at
BL and OP. Missing significance level of p < 0.05 by MRM
might well be caused by a 10-fold lower detection of
adiponectin comparing to ELISA.
The value of monitoring of adiponectin has been
demonstrated in a 6-year follow-up study with 18 225 men
showing that the plasma adiponectin levels are inversely
associated with the myocardial infarct risk.59 By contrast, a
subset of chronic disease states such as heart failure prompt
circulating adiponectin levels to increase, as it does in the cases
of type-1 diabetes60 and antibody-induced type B insulin
resistance.61
Interestingly, adiponectin was first discovered and charac-
terized as an adipokine with a number of different oligomeric
forms in 1995,62 and recent literature showed that various
multimeric complexes in serum are more closely correlated to
obese comorbidities.58 To date, no human studies investigated
the distribution of serum adiponectin isoforms underlying
metabolic surgery in obese subjects.
The basic adiponectin multimer consists of LMW trimers.
The oxidizing environment within the lumen of the
endoplasmic reticulum favors disulfide bond formation within
the trimers which then can associate into MMW hexamers and
HMW multimers composed of 12−18 monomers.63 Depot-
specific regulation of the adiponectin isoform secretion might
contribute to the selective decline of the metabolically most
active HMW isoform in obesity.20
In order to take into account the molecular complexity of
adiponectin and multiple ways of regulation, we further
investigated the feasibility of adiponectin multimer monitoring
in obese phenotype. Interestingly, we found no differences in
relative proportions of LMW, MMW, and HMW in visceral and
subcutaneous adipose tissue comparing lean and obese
phenotype (Figure 3D). However, the proportion of LMW
increased in BL and OP and HMW decreased while MMW was
unchanged (Figure 3D). In addition we quantified HMW by
ELISA and found no differences in adipose tissues comparing
lean and obese (Figure 3E, top), while HMW showed a
significant increase following RYGB (Figure 3E, bottom).
Therefore, we recommend the inclusion of HMW adiponectin
into monitoring of weight loss therapy outcome. However,
MRM is not the adequate method for monitoring multimers of
adiponectin thus requiring ELISA measurements.
Factors that consistently link obesity to hypertension include
increased sodium reabsorption and activity of the sympathetic
nervous system and the renin−angiotensin system (RAS).64
RAS activation was demonstrated in experimental models of
diet-induced obesity.65 However, monitoring RAS by MRM of
angiotensinogen faces the problem that the active peptides
angiotensin I and angiotensin II are missing an appropriate
cleavage site for tryptic digestion of the precursor protein
angiotensinogen (Figure 4A).
Therefore, in our MRM assay we included detection of the
well-described adipocytokine angiotensinogen, which has been
examined in various studies. Interestingly, those results were
not consistent, reporting increase,65,66 decrease,67,68 or no
change69 for angiotensinogen expression in adipose tissue in
human or experimental obesity.
On the basis of our MRM assay, we found no differences in
visceral and subcutaneous adipose tissue comparing lean and
obese phenotype (Figure 4B).
Notably, recent studies showed that the RAS is not restricted
to serum, but multiple components of the RAS required for the
synthesis of angiotensin II and release angiotensin peptides are
also found in adipocytes.70
To improve monitoring of the risk of hypertension and
cardiovascular disease in morbid obese phenotype, we
examined angiotensinogen by MRM in serum and further
studied renin activity in serum as an indicator of RAS
downstream activation (Figure 4A,C,D). At baseline there
was no significant difference in systolic and diastolic blood
pressure (Table 1), and by MRM we found no difference in
angiotensinogen serum levels (Figure 4C). Normalized blood
pressure in obesity phenotype was the result of antihyperten-
sive drugs such as beta-blockers, ACE inhibitors, or AT-1
inhibitors. Weight loss as an effect of RYGB was accompanied
by tapering of medication at normalized blood pressure and our
MRM assay revealed significant downregulation of serum
angiotensinogen. This is in line with the literature showing
association of weight loss with reduction of blood pressure in
obese hypertensive subjects.71
Interestingly, despite renin is the rate limiting enzyme for the
production of the active peptides angiotensin I and II,72 it did
not give further insight into regulation of RAS following weight
loss (Figure 4D). Therefore, measurement of serum
angiotensinogen by MRM is sufficient for tapering of
antihypertensive medication.
As sketched in Figure 5A, RBP4 is a 21 kDa protein involved
in the transport of retinol (vitamin A). It is mainly produced in
the liver, but second most in adipose tissue with about 20−40%
of the liver production.73 Increased expression has been shown
in obesity.74 Part of RBP4 is bound to retinol and transthyretin,
a complex which enables binding to the membrane surface
receptor STRA6.75 This is known to cause methodological
problems including sampling, immunoassays, and it has been
shown that Western blotting standardized to full-length RBP4
is the most reliable method for quantification of RBP4.76
Recently, MRM has been used for RBP4 quantification but
evaluation of the reliability is still missing.6
We found in adipose tissue higher expression in lean
compared to obese in visceral and no difference in
subcutaneous fat. This finding is in contrast to an earlier
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report indicating preferential expression of RBP4 in visceral
versus subcutaneous fat.77 However, this study was based on
mRNA-expression profile correlation with obesity phenotype,
and it is reported from other studies that there is no strict
correlation between gene and protein expression.78
It is well-known that RBP4 is a predictor of insulin resistance
and is strongly dependent on renal excretion, which is often
impaired in type-2 diabetes.26,74 Changing of RBP4 serum
levels might reflect changes of adipose tissue distribution,
changes of glucose metabolism, or renal function.
Interestingly, our assay revealed no correlation of changes in
serum RBP4 with changes of body fat, BMI, or HOMA-IR as an
indicator of glucose homeostasis (data not shown). However,
postoperative we found a significant decrease of body weight,
lowering of visceral adipose tissue, and an improved HOMA-IR,
especially at the end of our follow-up (Table 1), while RBP4
was changed directly following 2 weeks of preoperative diet and
did not change further during follow-up (Figure 5C).
RBP4 regulation is a complex process involving retinol
metabolism, transthyretin binding, and further renal excretion.
Therefore, the literature suggests using the RBP4 to retinol
ratio in clinical studies to correct for retinol levels.79 This is
especially important since retinol is a liposoluble vitamin, and
increased amounts of adipose tissue will lead to increased
amounts of retinol. We found higher serum retinol levels in RG
compared to obese phenotype. This could reflect increased
accumulation of retinol within adipose tissue or increased
binding of retinol to RBP4 and other retinol-binding proteins.80
RBP4/retinol ratio was increased in obese phenotype and was
not altered by RYGB (Figure 5D). Serum levels of RBP4 were
significantly higher only in BL compared to RG and reversed to
normal levels by diet, and those levels were stable during
follow-up of RYGB (Figure 5C). Therefore, the RBP4/retinol
ratio did not reflect the alterations of fat mass, glucose
metabolism, nor changes in body weight. On the other hand
one has to keep in mind that following 7 months of RYGB the
patients were still obese (BMI: 33.2 ± 3.2), and the ratio might
therefore reflect the persistant increase of obesity-related risk.
Since it is well-known that RBP4 also forms a complex with
transthyretin (Figure 5A), preventing renal clearance of RBP4
we also investigated transthyretin levels by ELISA (Figure 5E).
We found increased transthyretin serum levels in obese
phenotype compared to RG and significant downregulation
following RYGB while the preoperative diet did not alter
transthyretin serum levels (Figure 5E). The lowering of
transthyretin following RYGB might lead to less formation of
RBP4/transthyretin complex, thereby increasing renal excretion
of RBP4. This would mean that measuring retinol does not
improve interpretation of RBP4 levels, but transthyretin might
well further elucidate the mechanism of RBP4 regulation in
serum, by influencing the ability of renal elimination.
Recent studies showed that transthyretin can be quantified
by MRM, and we propose to include transthyretin as a
supplemental marker in further MRM assays for monitoring
obesity-related comorbidities.
■ CONCLUSION
Within the present study we were able to demonstrate the
suitability of a targeted MRM-based method for the
quantification of selected peptides and their corresponding
proteins reflecting obesity related comorbidities from serum as
well as human tissue extracts. Numerous studies over the past
years pointed out the potential of protein quantification via
MRM-approaches.7−9,33,51 Besides the fact of an absolute
specificity for target proteins using LC-MS/MS quantification
the possibility of multiplexing numerous candidate proteins
characterizes this technique as a valuable alternative or
completion to established immunological methods.7,33,35,51
Still, also in this method a universal sample preparation
protocol is needed but often represents a compromise between
the optimal conditions for each particular protein. Furthermore,
increasing complexity of targeted methods, e.g., combined with
scheduling of MRM’s leads to the necessity of a careful
evaluation of basic analytical parameters, like retention time
stability, peak capacity, or peak tailing to produce reliable and
valid data. To address these questions and to improve
interlaboratory comparability of MRM-based methods, Abba-
tiello et al. developed and described recently a standardized
system suitability protocol, which provides a basis toward
reproducible quantitative data.1 To facilitate a widespread use
of the MRM technology by basic biomedical and clinical
laboratory research communities,1 we could demonstrate with
the present study that an essential second step has to be done.
The careful validation of obtained MRM-based results versus
the clinical laboratory routinely used methods has to be carried
out. If MRM-based protein quantification methods should be a
worthwhile addition or even a replacement to established
immunological techniques the generation of serum and plasma
reference values for MRM-originated protein levels is
mandatory. Finally it could be demonstrated that besides the
mere generation of MRM peptide quantifications additional
analyses might be required for the interpretation and
meaningful completion of results, since MRM does not




Figure S1: Schematic overview of experimental workflow
including (A) selection of target analytes, method development,
and determination of analytical variables as well as (B)
application of MRM assay in a study cohort, validation using
corresponding ELISA quantification of target analytes and
supplementary analyses supporting MRM-findings. Figure S2:
Typical fragment ion mass spectra of (A) complement C3, (B)
adiponectin, (C) angiotensinogen, and (D) RBP4 including
annotation of characteristic fragment ions. Framed signals were
used as Q3-ions in respective MRM. Figure S3: Relative signal
intensities of target peptides after different time points of
sample digestion (1−24 h) in serum (black) and in plasma
(red). Figure S4: Correlation of serum protein quantification
between MRM and ELISA. (A) Spearman correlation
summarizing all collected data in this study. (B) Bar chart
representing absolute differences between MRM and ELISA
quantification of target proteins in reference and study group.
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Establishing of a reliable multiple reaction monitoring-based method for the 
quantification of obesity associated comorbidities in serum and adipose tissue requires 
intensive clinical validation. 














Figure S1: Schematic overview of experimental workflow including (A) selection of 
target analytes, method development, and determination of analytical variables as well 
as (B) application of MRM assay in a study cohort, validation using corresponding 







Figure S2: Typical fragment ion mass spectra of (A) complement C3, (B) adiponectin, 
(C) angiotensinogen, and (D) RBP4 including annotation of characteristic fragment 






Figure S3: Relative signal intensities of target peptides after different time points of 




























Figure S4: Correlation of serum protein quantification between MRM and ELISA. (A) 
Spearman correlation summarizing all collected data in this study. (B) Bar chart 
representing absolute differences between MRM and ELISA quantification of target 





5.3 Proteom-Analyse des kardiometabolischen Syndroms 
Krankheiten des Herz-Kreislauf-Systems gehören zu den häufigsten Todesursachen in 
industrialisierten Ländern, insbesondere bei Adipositas (Lastra und Sowers, 2013). Die 
klassischen Risikofaktoren für die Ausprägung einer Herz-Kreislauf-Erkrankung wie 
Hypercholesterinämie, Übergewicht, Hypertonie und Rauchen sind in vielen 
Langzeitstudien nachhaltig belegt (Collier et al., 2014; Jahangiri-Noudeh et al., 2014; 
Loprinzi et al., 2014). Berichte des Robert-Koch-Institutes aus den vergangenen Jahren 
verdeutlichen die anhaltende Prävalenz der Herz-Kreislauf-Krankheiten in Deutschland 
trotz vielgestaltiger Therapieangebote (Benecke und Vogel, 2003; Schaffrath Rosario 
und Kurth, 2009). In der vergangenen Dekade zeigte sich die zunehmende Bedeutung 
der Adipositas als Risikofaktor für die Entwicklung von Schlaganfällen, Herzinfarkt 
oder anderen thromboembolischen Gefäßerkrankungen (Blokhin und Lentz, 2013; 
Mahajan et al., 2014). 
Bereits 2001 bezeichnete Sowers in einem Übersichtsartikel das kardiometabolische 
Syndrom und verifizierte den Zusammenhang zwischen metabolisch-basierenden 
Pathologien und Nierenerkrankungen (Sowers, 2001). Ein Kennzeichen dieses 
Syndroms ist die viszerale Adipositas und die einhergehende Insulinresistenz bzw. 
Hyperinsulinämie. Das kardiometabolische Syndrom ist eines der wichtigsten 
öffentlichen Gesundheitsthemen dieses Jahrhunderts und beschreibt eine Gruppe von 
klinischen Eigenschaften deren Komponenten erheblich zwischen verschiedenen 
Individuen und verschiedenen Rassen sowie ethnischen Gruppen variieren (Grundy et 
al., 2005). Das „National Cholesterol Education Program Adult Treatment Panel III“ 
(NCEP ATP III) definierte 2001 das metabolische Syndrom, wonach eine Person drei 
der folgenden fünf Anomalien aufweisen muss: abdominale Adipositas, Hypertonie, 
Hypertriglyceridämie, niedriges HDL-Cholesterin und erhöhte Nüchtern-Glukose 
(Frisard et al., 2009). Die Pathogenese des metabolischen Syndroms ist jedoch 
multifaktoriell und die Ausprägung der Insulinresistenz, der Adipositas und des 
Bewegungsmangels sowie genetische Faktoren interagieren in ihrem Auftreten und 
determinieren die Mortalitätsrate.  
Die Autoren um Ghosh et al. (2006) beschreiben in einem wissenschaftlichen Aufsatz, 
dass niedrige HDL-Cholesterinspiegel neben hohem LDL-Cholesterin und erhöhtem 
Gesamt-Cholesterin sowie erhöhten Triglyzeriden eine wichtige Rolle in der Kausalität 




wissenschaftlichen Interesses steht insbesondere das Lipoprotein HDL und dessen Rolle 
in der Pathophysiologie des kardiometabolischen Syndroms (Abbildung 11) (Brunzell et 
al., 2008; Kirk und Klein, 2009; Birner-Gruenberger et al., 2014).  
 
 
Abbildung 11: Potentielle Schutzmechanismen von HDL-Partikeln in der 
Pathophysiologie der Arteriosklerose nach Birner-Gruenberger et al. (Birner-
Gruenberger et al., 2014). Die protektiven Signalwege werden in ROT und die 
aktivierenden/fördernden Prozesse in GRÜN dargestellt. HDL ist in der Lage, durch 
Inhibition von VCAM-1 und ICAM-1 die Bindung von Monozyten am Endothel zu 
beeinflussen (1). Zusätzlich hemmen HDL-Partikel die Freisetzung von E-Selectin 
sowie MCP-1 und somit die Infiltration der Monozyten ins Gewebe (2). HDL fördert 
den Cholesterin-Efflux von Schaumzellen via ABCA1, ABCG1 (3) und dadurch wird 
die übermäßige Cholesterinanhäufung verhindert (4) sowie die Sekretion von pro-
entzündlichen Zytokinen reduziert (5). Der reverse Cholesterol-Transport durch HDL 
wird auch via Infiltration des Lymphatischen Systems (6) über den Scavenger-Rezeptor 
B1 (SR-BI) gefördert. Weitere Funktionen der HDL-Partikel zeigen sich in der 
Hemmung der Einwanderung und Proliferation von glatten Muskelzellen in die Intima 
(7), in der Aktivierung von eNOS via SR-BI, sphingosine-1-phosphate (S1P), S1P 
receptor (S1PR) (8) und in einer Aktivierung von Cholesterin-Efflux über 
ABCA1/ABCG1-Signalwege mit einer Steigerung der Proliferation von 





HDL hat zwei wesentliche Funktionen: Erstens, es fördert den reversen Cholesterin-
Transport, und zweitens, es moduliert Entzündungs- und immunologische Prozesse 
(Lund-Katz und Phillips, 2010; Otocka-Kmiecik et al., 2012). Epidemiologische 
Studien belegen eindrucksvoll, dass die HDL-Cholesterinwerte negativ mit dem Risiko 
kardiovaskulärer Ereignisse korrelieren (Dalton et al., 2003; Chen et al., 2007), jedoch 
der HDL-Cholesterinspiegel nur Informationen über die Größe des HDL-Pools liefert 
und keine Aussage über die HDL-Zusammensetzung oder dessen Funktion getätigt 
werden kann (Navab et al., 2011). Die Hauptkomponente von HDL, Apolipoprotein AI 
(Apo-AI), triggert insbesondere den reversen Cholesterin-Transport via Makrophagen-
ABC-Transporter ABCA1. HDL enthält weiterhin eine Reihe von Proteinen, die durch 
die oxidative Umgebung der Akute-Phase-Reaktion modifiziert werden können 
(Kennedy et al., 2005). Resultierend aus einer Modifikation der Proteinkomponenten 
des HDLs kann die physiologische Eigenschaft des Lipoproteins von einem 
entzündungshemmenden zu einem proinflammatorischen bioaktiven Partikel geändert 
werden (McMahon et al., 2006; Otocka-Kmiecik et al., 2012).  
Die Entwicklung und Beurteilung bariatrisch-chirurgischer Verfahren unterliegt 
zunehmend der Fragestellung, welcher Einfluss auf Adipositas-assoziierte 
Komorbiditäten ausgeübt werden kann. Wie eingangs dargestellt, erhofft sich die 
metabolische Chirurgie einen wesentlichen Beitrag zur Reduktion kardiovaskulärer 
Ereignisse durch Verminderung des Körpergewichts und/oder der viszeralen Fettmasse 
(Bonner et al., 2014; Kwok et al., 2014). Um diesen Therapieerfolg ersichtlich werden 
zu lassen, ist das Monitoring von Surrogatmarkern des kardiometabolischen Syndroms 
wie dem HDL unabdingbar. Jedoch stellt sich die Messung der HDL-Funktion als 
relevanter Parameter mehr und mehr in den Fokus klinischen Interesses (Adams et al., 
2013). Der größte Fortschritt in der Zuordnung der HDL-Funktion konnte im 
vergangenen Jahrzehnt durch die Aufdeckung des HDL-Proteoms erfolgen (Birner-
Gruenberger et al., 2014). Der HDL-spezifische Proteinbesatz erwies sich als 
intraindividuelle Variable (Jorge et al., 2014) und unterliegt auch pathophysiologischen 
Veränderungen (Adams et al., 2013). Eigene Untersuchungen des HDL-Proteoms von 
Patienten mit Herzinsuffizienz (CHF) untersuchten den Einfluss einer 
Bewegungstherapie zur Verbesserung des kardiovaskulären Risikoprofils (Kapitel 5.3.2; 
Adams et al., 2013) als auch die Erforschung des maximalen Proteombesatzes der 




Ein weiterer Einfluss auf das Herz-Kreislauf-System wird dem Metaboliten Harnsäure 
zugeschrieben (Johnson und Rideout, 2004; Alderman, 2007; Feig et al., 2008). In 
wissenschaftlichen Untersuchungen stellt sich der Metabolit des Purinstoffwechsels als 
zweischneidiges Schwert im Sinne der Risikobewertung für Erkrankungen dar (Fang et 
al., 2013): Zum einen dient die Harnsäure als bedeutsamer Radikalefänger im Serum 
(Becker, 1993; Mahajan et al., 2009) und zum anderen sind pathologische Serum-
Konzentrationen mit erhöhten kardiovaskulären Ereignissen vergesellschaftet (Kanbay 
et al., 2013). In eigenen Untersuchungen wurde gezeigt, dass die Xanthinoxidase als das 
Schlüsselenzym im Harnsäuremetabolismus im viszeralen und subkutanen Fettgewebe 
synthetisiert und Adipositas-spezifisch exprimiert wird (Oberbach et al., 2014c). Eine 
bariatrisch-chirurgische Intervention (RYGB und LSG) führte zu einer Normalisierung 
des Serum-Harnsäureprofils schon deutlich vor einer Normalisierung des 
Körpergewichts (Oberbach et al., 2014a).  
Um den Stellenwert der Harnsäure in der Pathophysiologie kardiovaskulärer 
Erkrankungen zu eruieren, wurde in Ex-vivo-Zellkulturuntersuchungen von Aorten-







5.3.1 Einfluss der Harnsäure auf die Proteinexpression humaner Aorten-
Endothelzellen 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 185-191): 
Oberbach A, Neuhaus J, Jehmlich N, Schlichting N, Heinrich M, Kullnick Y, Mohr 
FW, Kugler J, Baumann S, Völker U, Adams V. 
A global proteome approach in uric acid stimulated human aortic endothelial cells 
revealed regulation of multiple major cellular pathways. 
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Einleitung und wissenschaftlicher Hintergrund: Harnsäure (UA) wurde als ein 
Hauptrisikofaktor für kardiovaskuläre Erkrankungen identifiziert. Erhöhte Serum-UA-
Konzentrationen sind mit Adipositas vergesellschaftet und es zeigt sich in 
tierexperimentellen sowie Humanstudien, dass die Senkung des Serum-UA die 
Endothelfunktion nachhaltig bessert. 
Ziel: Die vorliegende Studie untersucht die Auswirkungen der UA auf die zellulären 
Signalwege menschlicher Aorten-Endothelzellen (HAEC) mittels globaler Proteom-
Analyse. 
Methoden: Die konzentrationsabhängigen Effekte der UA auf das HAEC-Proteom 
wurden mittels 2D-nanoLC-MS/MS analysiert. Die Validierung der signifikant 
regulierten Signalwege erfolgte unter Verwendung von ELISA-Assays oder durch 
Western Blotting. Insbesondere die Expression und die Aktivität von Schlüsselenzymen 
relevanter Proteine und Signalwege wurden dargestellt. Die NO-Produktion wurde 
durch konfokale Lasermikroskopie quantifiziert. 
Ergebnisse: In der Shotgun-Proteom-Analyse wurden 2736 spezifische Peptide 
identifiziert, wobei 771 Proteine unique auf 1-Peptid-Level und 420 Proteine unique auf 
2-Peptid-Level annotiert werden konnten. Von den 420 identifizierten Proteinen waren 
125 in der ANOVA-Statistik (Vergleich der Stimulationsexperimente Kontrolle vs. 
100µM vs. 300µM vs. 500µM) signifikant reguliert. Die Partial Least Square (PLS) 
Analyse ergab eine Separation der Proteinabundanz zwischen >300µM Zellstimulation 
mit UA und Kontrollexperiment ohne UA-Stimulation bzw. 100µM. Die Zuordnung der 
signifikant regulierten Proteine (125 Proteine) zu spezifischen Signalwegen mittels IPA 
belegt die gesteigerte UA-abhängige Hochregulation des Ubiquitin-Proteasom-Systems 




zeigte eine UA-abhängige spezifische Regulation von 11 Signalwegen wie bspw. dem 
Superoxid-Signalweg oder dem zellulären Hypoxie-Signalweg. In den gesamten 
Analysen wurde deutlich, dass insbesondere die Stimulation mit 500µM UA zu einer 
pathologischen Auslenkung von überlebenswichtigen zellulären Stoffwechselwegen 
führt. Die Regulation des NO-Stoffwechsels durch Harnsäure erfolgt sowohl durch 
direkte Beeinflussung der XO als auch via Hochregulation des Radikale-Stoffwechsels 
und sekundär der Bindung von NO an Proteine im Sinne einer Nitrosylierung. 
Schlussfolgerungen: In der vorliegenden Untersuchung wurde erstmals gezeigt, dass 
eine erhöhte UA-Konzentration vital-relevante Signalwege der HAEC reguliert und 
somit Einfluss auf die Endothelfunktion ausüben kann. Die Vielzahl der beeinflussten 
Signalwege belegt die komplexe Bedeutung erhöhter UA-Konzentrationen in der 
Pathophysiologie von Gefäßerkrankungen. Nachfolgende Untersuchungen in Knockout-
Modellen bzw. die Überexpression der identifizierten Proteine sind unumgänglich, um 
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Eukaryotic initiation factor 4F (eIF4)
Hypoxia-inducible factor 1-alpha (HIF-1α)
Global proteome approach (2D-nano LC–MS/MS)
Background: Uric acid (UA) has been identified as one major risk factor for cardiovascular diseases. Lowering of
serum UA levels improves endothelial function. The present study investigates for the first time concentration-
dependent effects of UA on human aortic endothelial cells (HAEC) and the cellular pathways involved in global
proteomic analysis.
Methods: The concentration dependent effects of UA on HAEC were investigated by nanoLC–MS/MS and ingenu-
ity pathway analysis to reveal putative cellular pathways. For verification of the identified pathways the abun-
dance or activity of key proteins was measured using ELISA or Western blotting. NO production was quantified
by confocal laser microscopy.
Results:We identified ubiquitin–proteasome system (UPS) and eIF4 signaling as the major pathways regulated
byUA. K-means clustering analysis revealed 11 additional pathways, of which NO, superoxide signaling and hyp-
oxia were further analyzed. A complex regulatory network was detected demonstrating that 500 μmol/L UA,
which is well above the concentration regarded as pathological in clinical settings, led to diminishing of NO
bioavailability. In addition a UA-dependent downregulation of eIF4, an upregulation of UPS and an increase in
HIF-1α were detected.
Conclusions: Here we show for the first time, that increasing UA levels activate different sets of proteins
representing specific cellular pathways important for endothelial function. This indicates that UA may alter far
more pathways in HAEC than previously assumed. This regulation occurs in a complex manner depending on
UA concentration. Further studies in knockout and overexpression models of the identified proteins are neces-
sary to prove the correlation with endothelial dysfunction.
© 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Uric acid (UA) is the end product of the purine metabolism, and is
implicated in many disease conditions. Although UA has useful antioxi-
dant properties at the cellular level [1,2] sustained hyperuricemia has
putative adverse effects in cardiovascular diseases. Epidemiological
data support that increased serumUA is a relevant independent risk fac-
tor for cardiovascular and renal disease, especially in patients with
hypertension, heart failure and diabetes [3]. In addition an increased
level of UA is an independent predictor for mortality in coronary heart
disease, heart failure and stroke [4–6].
The circulating concentration of UA is a function of the balance
between the breakdown of purines in several tissues and the rate of
serumUA (sUA) excretion [7] by the kidneys and elimination via the in-
testinal tract [8]. One has to be aware that chronic elevated circulating
UAwill affect multiple organs either directly or via impairment of endo-
thelial function [9].
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There is growing evidence that lowering uric acid with specific
xanthine-oxidase inhibitors improves endothelial dysfunction in differ-
ent diseases [10,11]. In detail, UA influences cellular metabolism, espe-
cially nitric oxide (NO) signaling and production of reactive oxygen
species (ROS), which play amajor role in the regulation of cellular func-
tion. Recently, Park et al. reported that one possiblemechanismhowUA
decreases NO production is by reducing the interaction of endothelial
nitric oxide synthase (eNOS) and calmodulin, an eNOS activator [12].
In addition scavengingNO by ROSmay be anothermechanism of lower-
ing NO bioavailability [13]. It is known that UA resulted in vascular
smooth muscle cell proliferation by increasing platelet derived growth
factor [14] and hypertrophy via vascular renin–angiotensin system
[15,16], both are major events in atherosclerosis etiology.
From the clinical perspective, elevated serumUA levels are associat-
ed with an increased risk of several diseases [17,18] and this concentra-
tion dependency is also reflected in different cellular responses as
reported in numerous cell culture studies [16,19].
These findings support the hypothesis that UA may promote a vari-
ety of signaling pathways in a concentration-dependent way. To inves-
tigate those probably complex cellular metabolic processes a more
global approach is needed to perform a holistic evaluation and reveal
deeper insight into UA-induced changes. Since elevated circulating UA
directly influences the cellular physiology of endothelial cells we inves-
tigated cultured human aortic endothelial cells (HAEC) in order to
describe the concentration-dependent effects of UA.
2. Material and methods
2.1. Cell culture
The study design is shown in Fig. S1. HAEC (Cell Systems Biotechnology, Troisdorf,
Germany) were cultured in EGM-2 cell culture medium (Lonza, Walkersville MD, USA)
until 80 to 90% confluence. Cells were incubated with UA (100, 300, 500 μmol/L) for 24
h and harvested either with ice cold lysis buffer (50 mmol/L Tris–HCl pH 7.4, 1% NP-40,
0.25% Na-deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Triton X-100, 0.2% SDS)
containing protease inhibitor mix M (Serva, Heidelberg, Germany) for Western blot anal-
ysis or 8 mol/L urea/2 mol/L thiourea for proteome analysis. Protein concentration was
determined using BSA as standard (BCA method, Pierce, Rockford IL, USA). For inhibition
of proteasome activity HAEC were pre-incubated for 1 h with 100 nmol/L MG132
(Calbiochem (EMD Millipore), Darmstadt, Germany), followed by additional incubation
with UA (100, 300, 500 μmol/L) or medium with MG132 (100 nmol/L) for 24 h.
2.2. Mass spectrometric analysis
Protein lysates of HAEC after the UA incubationwere analyzed by LC–MS as described
earlier [20]. Tryptically cleaved peptides (500 ng) were separated prior to MS analyses by
reverse phase nano HPLC on a 15 cm Acclaim PepMap100-column (C18, 3 μmol/L, 100 Å)
using an EASY-nLC system (Proxeon, Thermo Scientific, Waltham, MA, USA) at a constant
flow rate of 300 nL/min. Separation was achieved using a non-linear gradient of 70 min
with 0.1% acetic acid, 2% acetonitrile inwater (solvent A) and 0.1% acetic acid in 100% ace-
tonitrile (solvent B). Separated peptides were analyzed by an LTQ Orbitrap Velos MS
(Thermo Scientific). The MS-instrument was operated in data-dependent acquisition
(DDA) mode. MS/MS scan events were repeated for top 12 peaks using the higher energy
dissociationmode (HCD) at normalized collision induced energy of 35%, activation time of
100 ms, and minimum of ion signal threshold for MS/MS of 2000 counts.
Rawdatawere processed using the RefinerMS 7.5 andAnalyst 7.5module (Genedata,
Basel, Switzerland). Refiner MS performed peak detection, noise analysis, peak integra-
tion, isotope grouping and retention time alignment of the acquired MS data. Generated
peak lists were searched against a human Uniprot/Swiss-Prot database (containing
20,268 unique entries, release 2011_10) using an in-house Mascot server 2.3.2 (Matrix
Science, London, GB). Searches were performed with carbamidomethyl on cysteine as
fixedmodification and oxidation onmethionine as variablemodification. Enzyme specific-
ity was selected to trypsinwith up to twomissed cleavages allowed using 10 ppmpeptide
ion tolerance (MS) and 20 mmu MS/MS tolerance. Only ranked one peptide hits with a
Mascot ion score N23 were considered as identified. After peak annotation, the data
were processed in Analyst 7.5 (Genedata), where statistical data evaluation was
performed using univariate methods. ANOVA (analysis of variance) was selected to com-
pute the significance of differential protein expression in one group and represents an
extension of the T-test to k N 2 groups. A parametric T-test was used for the two group
comparison and a p-value of less than 0.05 was considered as statistically significant. Pro-
teins were functionally assigned to gene ontology terms and canonical pathway analysis
was performed using ingenuity pathway analysis (v14197757, Ingenuity Systems, Red-
wood City, CA, USA).
2.3. Detection of NO production in human aortic endothelial cells
HAEC were incubated with increasing concentrations of UA (0, 300, 500 μmol/L) for
24 h. After a first wash with HBSS (Biochrom AG, Berlin, Germany), cells were incubated
with 5 μmol/L 4-amino-5-methylamino-2′,7′-difluorofluorescein (DAF-FM) diacetate dis-
solved in HBSS for 30 min at 37 °C in the dark and NO production was quantified as
described elsewhere [21,22] using a LSM5 Pascal laser scanning microscope (Zeiss, Jena,
Germany).
2.4. Detection and quantification of ROS
HAEC were incubated with increasing concentrations of UA (100, 300 and 500 μmol/L)
for 24 h. To quantify ROS production by flow cytometry, adherent cells were stained
with CellRox deep red reagent (Molecular Probes, Leiden, The Netherlands) for 30
min at 37 °C in the dark. Cells were washed 2 times with phosphate buffer solution
before the detached cells were analyzed within 60 min by flow cytometry (LSR II,
Becton Dickinson, Heidelberg, Germany). For quantitative analysis gates were placed
according to the negative control (0 μM UA) and the amount of cells in this gate was
evaluated for all UA concentrations.
2.5. Validation of UA dependent pathways in HAEC
Tenmicrograms of HAEC total protein was separated on a denaturing polyacrylamide
gel and subsequently transferred to a polyvinylidene difluoride (PVDF) membrane. The
transferred proteins were incubated with 1:200 dilution of anti-eIF4E, anti-NOS3, anti-
HIF-1α antibody (all Santa Cruz, Heidelberg, Germany), anti-Akt, anti-phospho-Akt
(both from Cell Signaling Technology, Leiden, The Netherlands), or anti-phospho-eNOS-
Ser1177 (BectonDickinson, Heidelberg, Germany) at 4 °C overnight. The boundantibodies
were detected by a peroxidase coupled anti rabbit or anti mouse antibody (Cell signaling,
Boston, MA USA, 1:1000 for 1 h RT) followed by a chemiluminescent reaction using
luminol (SuperSignal West Pico, Pierce Rockford, Il, USA). To quantify protein expression
the blots were analyzed by densitometry with a 1-D analysis software package (One-
Dscan, Scanalytics, Billerica, MA, USA). To control for loading differences, the blots were
also probed with an antibody against GAPDH (1:30.000; Hytest, Turku, Finland). The den-
sitometry results were expressed as ratio between target protein and GAPDH intensity.
Total ubiquitin, total poly-ubiquitinated proteins and 20S proteasome activity were
determined by commercial kits according to the manufacturer's instruction (UbiQuant
quantitative ubiquitin ELISA, LifeSensors, Malvern, PA, USA; poly-ubiquitinated protein
ELISA Kit, CycLex, Nagano, Japan; 20S Proteasome Activity Assay Kit, Chemicon (EMD
Millipore)).
The activity of antioxidants like catalase (CAT), xanthinoxidase (XO) and glutathione
peroxidase (GPX)wasmeasured by enzyme activity assays (BioVision, Milpitas, CA, USA).
The concentration of tyrosine nitration in HAEC lysates was analyzed by OxiSelect
Nitrotyrosine ELISA Kit (Cell Biolabs, San Diego, CA, USA).
2.6. Statistical analysis
As recently published data analysis was performed using Prism v6.0 (GraphPad Soft-
ware, La Jolla, USA) [23]. Statistical differences were calculated by ANOVA or independent
Student t-test. A p-value ≤ 0.05 was considered statistically significant.
3. Results
3.1. Proteome analysis of HAEC after UA stimulation
We investigated concentration-dependent protein expression
induced by UA in HAEC using proteomics (Fig. 1). In total 2736 unique
annotated peptides which were assigned to 771 distinct proteins (420
proteins with ≥2 peptides per protein) were identified (Table S1).
Fig. 1A shows the 125 proteins significantly regulated by distinct UA
concentrations and most changes of protein expression were found
comparing medium control versus 300 μmol/L UA (n = 62 proteins).
Only 4 proteins are commonly regulated at all three UA concentrations
(Fig. 1A).
A partial least square (PLS) analysis was performed to explain the
maximum multidimensional variance of 771 identified proteins in re-
sponse to UA stimulation (Fig. 1B). In detail, 300 μmol/L UA samples
clearly showed poor correlation within the sample group indicating a
possible threshold concentration of UA stimulation on HAEC. Out of
the 420 identified proteins, 125 proteins were significantly different
on the basis of an analysis of variance ANOVA test (p ≤ 0.05)
(Table S2; Fig. 1B). Enrichment analysis of proteomic data (differential
proteins n = 125) was performed by ingenuity pathway analysis
(IPA). Each enriched category is assigned an adjusted p-value (Fisher's
exact test) and displays the most significant canonical pathways across
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the entire dataset by searching from several public resources (Fig. 1C–
D). Interestingly, pathway annotation demonstrated that 22 of the 125
HAEC-associated differential proteins were linked to protein
ubiquitination pathway and regulation of eIF4 (− log(p-value) = 6.43
and 5.22; Fig. 1C). K-means clustering uses an iterative re-estimation
procedure to find correlations between co-abundance proteins among
the UA stimulation experiments. Differentially abundant proteins (n =
125) were divided into four clusters that potentially revealed related
co-behavior proteins within one cluster (Fig. 1D). The cluster (cluster 3)
with the highest number of effected proteins (n= 69) showed a contin-
uous down-regulation until 300 μmol/L UA stimulation followed by an
up-regulation at 500 μmol/L. UA stimulation implicates severe cellular
changes upon high UA concentrations. Within this cluster 3, four signal-
ing pathways (ubiquitin-proteasome pathway; superoxide signaling,
hypoxia signaling, regulation of eiF4 signaling)were of special clinical rel-
evance in relation to hyperuricemia. In addition, NO-signaling was found
as prominently continuously down-regulated in cluster 2 (Fig. 1D). IPA
reflects prototypic proteins for the indicated pathways. However, for
deeper analysis of those IPA based pathways it is indispensible to validate
these by selected key proteins.
3.2. Ubiquitin-proteasome pathway
To validate the involvement and to analyze the ubiquitin-
proteasome pathway, we measured the abundance of ubiqitin and
ubiquitinylated proteins. In the proteomic analysis we detected alter-
ations in UBE2N and UB2V1, two enzymes involved in ubiquitylation
(Fig. S2, Table S1). We found a significant increase of ubiquitin with in-
creasing UA stimulation of HAEC (Fig. 2A) and ubiquitinated proteins
showed a significant increase with a maximum at 300 μmol/L UA
(Fig. 2B).
In addition, proteomic approach identified 4 proteins of the protea-
some 20S β-subunits (PSMA1, PSMB3, PSMB4, PSME1) and 2 of the 26S
subunits (PSMD11, PSMC2) (Table S1). Measuring proteasome activity
a significant increase in activitywas obviouswhen cellswere stimulated
with 500 μmol/L UA (Fig. 2C). Since the proteasome pathway is one of
the most prominently regulated pathways following UA stimulation,
we blocked this pathway 1 h prior to UA stimulation by MG132. As
shown in Fig. 2C an increase of proteasome activity at stimulation
with 500 μmol/L UA was completely suppressed, demonstrating that
100 nmol/L MG132 is sufficient for complete proteasome inhibition.
3.3. Eukaryotic initiation factor 4F (eIF4)
Using canonical pathway analysis of n = 125 proteins (Fig. 1C) as
well as in cluster 3 of k-means clustering analysis (n = 69), the second
most prominent regulated pathway was eIF4 signaling (Fig. 1D). IPA
identified 5 significantly regulated proteins related to the eIF4 pathway
namely RRAS2, RPS16, RPS9, ITGA5, RPS25 and RPS21 (Table S2). EIF4
expression itself was significantly downregulated by UA ≥ 300 μmol/L
compared to 100 μmol/L. Interestingly, eIF4 expression was only
blocked by the proteasome inhibitor MG132 at 100 μmol/L UA and not
at 300 μmol/L, indicating proteasome-independent regulation of
eIF4 at ≥300 μmol/L UA (Fig. 3).
Fig. 1. Protein classification using partial least square (PLS) regression and ingenuity pathway analysis (IPA) of HAEC. Proteome-wide changes induced by uric acid (UA) in human aortic
endothelial cells (HAEC)were studied by 1D SDSPAGE/nanoLC–MS. (A) VENN diagram protein sets display 125 significant proteins (ANOVA) obtained from the comparison of LC–MS/MS
identified protein repertoire. (B) PLS was used to classify UA stimulation on cellular protein expression profiles based on 771 proteins. While 100 μmol/L UA (light gray) showed no sep-
aration tomediumcontrol (white) and 300 μmol/L UA (dark gray) exhibits broaddiffusion a concentration of 500 μmol/L UA (black) shows clear separation. (C–D)The analysis is based on
125 significant regulated proteins following stimulation with 100 μmol/L, 300 μmol/L and 500 μmol/L UA vs. medium control (0 μmol/L). (C) represents the two most prominent regu-
lated pathways. Numbers indicate−log(p-value) of significance factor. (D) represents k-means clustering analysis of pathways of interest. Clusters were defined as proteins mainly up-
regulated (cluster 1, n = 8 proteins); mainly downregulated (cluster 2, n = 15 proteins); direction change of regulation at 500 μmol/L towards either upregulation (cluster 3, n = 69
proteins) or downregulation (cluster 4, n = 33 proteins). Red colored pathways were further validated by targeted proteome analysis.
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3.4. Superoxide signaling
It is well documented in literature that UA is related to oxidative
stress [24,25] andwe found a significant upregulation of superoxide sig-
naling by stimulationwith 500 μmol/L UA (Fig. 1D, cluster 3). To further
investigate the relevance of ROS signalingwe examined the effect of UA
on the anti-oxidative capacity by measuring CAT and GPX activity in
HAEC. In additionwe investigated the putative proteasomedependency
by inhibition of MG132. Interestingly, CAT showed continuous down-
regulation with increasing UA stimulation (Fig. 4A, white bars), while
GPX was moderately upregulated by 300 μmol/L UA only (Fig. 4B,
white bars). Downregulation of proteasome activity by MG132 blocked
CAT activity (Fig. 4A, black bars) but increased GPX activity (Fig. 4B,
black bars) under UA stimulation. Besides decreasing CAT activity, incu-
bation of HAEC with increasing UA concentrations led to a significant
increase of XO activity, with a maximum at 300 μmol/L (baseline:
6.8 μU, 300 μmol/L UA: 8.7 μU, p b 0.05).
Nitrotyrosinylated proteins can be regarded as an indirect marker
for an elevated oxidative stress [26]. Incubating HAEC with increasing
concentrations of UA, a significant UA concentration dependent in-
crease of nitrotyrosinylated proteins was evident (Fig. 4C, white bars).
Inhibition of the proteasome complex byMG132 led to a clear reduction
of nitrotyrosinylated proteins, but still showed a significant increase up
to 500 μmol/L stimulationwith UA (Fig. 4C, black bars). Directmeasure-
ment of ROS after stimulation of HAECwith increasing concentrations of
UA revealed a significant increase already at 100 μmol/L UA. Increasing
the concentration of UA up to 500 μmol/L did not result in a further in-
crease of ROS (Fig. S3).
3.5. UA modulation of NO production and eNOS expression
Indirect fluorescence for acetylcholine-induced NO production in
HAEC was measured using DAF-FM diacetate and confocal microscopy
(Fig. 5A). Quantitative analysis of theDAF2fluorescence signal indicated
approximately 20% higher NO production in acetylcholine (ACh) stimu-
lated cells compared to unstimulated HAEC. However, ACh-stimulation
after pre-incubation with both 300 μmol/L and 500 μmol/L UA showed
impaired NO production (Fig. 5A). Western blot analysis demonstrated
that incubation of HAEC with 100 μmol/L and 300 μmol/L UA for 24 h
led to an increase of eNOS abundance (Fig. 5B, white bars). MG132 did
not affect the UA-dependent alteration of eNOS expression (Fig. 5B,
black bars). In addition, incubation of HAEC for 24 h with increasing
concentration of UA resulted in a concentration dependent reduction
of eNOS phosphorylation at the activating eNOS-Ser1177 site (Supple-
mentary Fig. S4A). In parallel a significant increased phosphorylation
Fig. 2. Ubiquitin–proteasome system (UPS) analysis. (A) Measurement of total ubiquitin
amount in HAEC following 24 h stimulation with 100 μmol/L, 300 μmol/L and
500 μmol/L UA vs. medium control (0 μmol/L). (B) Measurement of total ubiquitinated
proteins following 24 h UA stimulation and (C) depicting UA-induced proteasome activity
after 24 h.White bars depict proteasome activitywithoutMG132 andblack bars represent
UA-induced proteasome activity following 1 h pre-incubation with 100 nmol/L protea-
some inhibitor MG132.
Fig. 3.Western blot analysis of eukaryotic initiation factor 4 (eIF4). Bars indicate quantifi-
cation ofWestern blot bands normalized to GAPDH following stimulationwith 100 μmol/L,
300 μmol/L and 500 μmol/L UA vs. medium control. White bars represent UA-induced eIF4
expression without MG 132 and black bars represent UA-induced eIF4 expression after 1 h
pre-incubation with 100 nmol/L proteasome inhibitor MG132.
Fig. 4. Analysis of ROS pathway activation by UA measured by ELISA. (A) Catalase (CAT),
(B) glutathione peroxidase (GPX) activity and amount of nitrotyrosinylated protein
(C) following stimulation with 100 μmol/L, 300 μmol/L and 500 μmol/L UA vs. medium
control. White bars represent experiments without MG 132 and black bars represent
experiments after 1 h pre-incubation with 100 nmol/L proteasome inhibitor MG132.
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of Akt was observed at a concentration of 500 μmol/L (Supplementary
Fig. S4 B).
3.6. Impact of UA on hypoxia-inducible factor 1-alpha (HIF-1α) expression
Furthermore we tested the effect of UA on hypoxia signaling path-
ways as discovered in IPA (Fig. 1D) by quantifying HIF-1α the key pro-
tein reflecting hypoxia. An upregulation of HIF-1α with increasing UA
stimulation up to 300 μmol/L was evident (Fig. 6, white bars). Interest-
ingly, MG132 significantly influenced HIF-1α expression at medium
control (upregulation) and at 100 μmol/L UA (downregulation), while
there was no effect at 300 μmol/L and 500 μmol/L UA stimulation
(Fig. 6, black bars), indicating that the regulation of UA-stimulated hyp-
oxia at ≥300 μmol/L UA was independent from proteasome activity.
4. Discussion
Here we report for the first time that UA affects vital metabolic pro-
cesses in HAEC. Major pathways of protein synthesis and degradation,
such as eIF4 pathway and ubiquitin-proteasome system respectively,
were strongly and specifically regulated by UA. In respect to increased
risk of cardiovascular diseases accompanied by chronically elevated
serum UA, our findings stress the necessity of consequent hyperurice-
mia therapy, since the pathways regulated by UA are in such a way fun-
damental that downstream treatments can hardly be effective.
On one side, UA in the serum is known to be an effective antioxidant
and high level re-absorption of UA in the proximal tubulus systemof the
kidney supports this hypothesis. On the other side, intracellular UA
seems to exhibit pro-oxidant activity [13]. Furthermore, UA may con-
tribute to pathogenesis of vascular disease by hampering regeneration
of endothelial cells and impairing NO production [27]. Interestingly,
those processes seem to be highly concentration dependent as shown
in vivo indicating a threshold of 339 μmol/L serum UA for increased
risk of metabolic syndrome and several of its components [17]. In cell
culture studies concentration dependent effects have been reported
for NO production in pulmonary artery endothelial cells [19].
In the present study we tested the hypothesis that various cellular
metabolic processes are regulated by UA in a concentration-dependent
manner (Fig. S5). To identify involved pathways we use a global label-
free proteomic approach followed by ingenuity pathway analysis (IPA)
in a first step. Secondly, the findings were validated by examination of
key proteins involved in those signaling pathways. In total 771 distinct
proteins were identified and partial least square (PLS) analysis provided
evidence that protein expression profileswere altered concentration-de-
pendently by UA (Fig. 1B). Interestingly, cell culture experiments
showed a clear separation of the protein clusters between 100 μmol/L
and 500 μmol/L UA and implied a threshold of around 300 μmol/L
(Fig. 1A). Intriguingly this threshold corresponds very well to the clinical
findings of a threshold of 339 μmol/L as reported by Ford et al. [17]. How-
ever, it is also clear from the literature, that serum UA levels vary with
age [28] and are influenced by several diseases such as metabolic
syndrome (MetS) [17,29]. In male adult's serum UA levels were
370 μmol/L in healthy males and 260 μmol/L in females, but were signif-
icantly increased in MetS phenotype to 404 μmol/L in males and
309 μmol/L in females [29]. This indicates that in human physiological
and pathophysiological conditions there is no absolute threshold for
sUA as a risk factor for endothelial dysfunction but serum UA may add
to risk by disease predisposition. On the other hand, our cell culture ex-
periments revealed that 300 μmol/LUA led tohigh variance inprotein ex-
pression as indicated by cluster splitting of the 6 replicate cell culture
experiments (Fig. 1B, dark gray). Stimulation of endothelial cells with
500 μmol/L UA showed a clear separation of protein profile from lower
UA levels and medium control (Fig. 1B, black circles). While definitions
of hyperuricemia differ in literature, a level of about 416 μmol/L in male
and 357 μmol/L in female is considered as clinically relevant hyperurice-
mia [29].
In detail, UA levels of ≥300 μmol/L provoked distinct alterations in
protein profiles. Out of the 771proteins detected, 125 proteinswere sig-
nificantly concentration-dependently regulated by UA in HAEC (Fig. 1A,
Table S1). Four proteins (CDC42, ITB1, RAB1A, GDIA; Table S1) were
found significantly regulated vs.medium control in all three UA concen-
trations. Those proteins represent pathways involved in endothelial
Fig. 5.NO production and eNOS expression in HAEC. (A) NO production was measured in
HAEC following pre-incubation with UA (300 μmol/L, 500 μmol/L) upon stimulation with
10−4M acetylcholine. Fluorescence intensity of DAF was quantified from confocal laser
scanning micrographs and depicted as x-fold change versus unstimulated HAEC (white
bar). (B) Western blot analysis of eNOS expression following stimulation with
100 μmol/L, 300 μmol/L and 500 μmol/L UA vs. medium control.White bars represent ex-
perimentswithoutMG132 and black bars represent experiments after 1 h pre-incubation
with 100 nmol/L proteasome inhibitor MG132.
Fig. 6.Western blot analysis of hypoxia induced factor-1α (HIF-1α). Bars indicate quanti-
fication of Western blot bands normalized to GAPDH following stimulation with
100 μmol/L, 300 μmol/L and 500 μmol/L UA vs. medium control.White bars represent ex-
perimentswithoutMG132 and black bars represent experiments after 1 h pre-incubation
with 100 nM proteasome inhibitor MG132.
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barrier function: (CDC42) [30], cell vitality and apoptosis prevention
(ITB1) [31], and intracellular protein sorting, trafficking and signaling
(RAB1A [32], GDIA [33]). Indeed, recent studies promote the targeting
of CDC42 as a novel approach to prevent inflammatory processes
resulting from endothelial barrier brake-down in cardiovascular disease
[34].
Our proteomic data also allowed the identification of pathways
based on peptide abundance using IPA.We used 125 identified proteins
(≥2 peptides and significantly regulated between the groups) to assign
to functional pathways (IPA). Interestingly, the most prominent path-
ways were the ubiquitin–proteasome system (UPS) and eIF4 signaling
(Fig. 1C). Obviously, UA promotes the regulation of very basic cellular
pathways involved in protein production and degradation. To test
whether those pathways were truly regulated, we validated our prote-
omic findings by measuring dependency of ubiquitin abundance, num-
ber of ubiquitinated proteins, and proteasome activity from UA
concentration (Fig. 2). We found positive concentration dependent up-
regulation of ubiquitin indicating enhanced ability of HAEC to degrade
proteins (Fig. 2A). In turn,we also could demonstrate higher abundance
of ubiquitinated proteins (Fig. 2B) and find an increase of proteasome
activity at higher UA concentrations (Fig. 2C). Those findings support
the key role of UA for proteasome regulation as a key pathway in regu-
lation of endothelial (dys)function [35]. The clinical importance of the
UPS has been well described in the literature and inhibition of UPS has
been proposed as a new target of prevention of cardiovascular disease
[36]. Our data support the view that inhibition of UPS by MG132 can
prevent UA evoked activation of proteasome activity (Fig. 2C). Since
our proteomic approach identified a number of additional pathways
regulated by UAwe tested the effect of UPS inhibition in all further val-
idation experiments to exclude a general protein degradation effect via
UPS as theunderlyingmechanism. In addition toUPSpathwaywe found
a significant inhibition of eIF4 by UA concentrations ≥300 μmol/L
(Fig. 3) which was not influenced by MG132, indicating UPS indepen-
dent pathway regulation. However, at lowUAof 100 μmol/LMG132 sig-
nificantly inhibited eIF4 expression (Fig. 3). EIF4 is a central regulator of
eukaryotic translation and thus has been shown to be involved in mul-
tiple cellular functions such as GPCR signaling [37] and oxidative stress
reaction [38] in endothelial cells, and cell proliferation [39]. Therefore,
our findings support the view that downregulation of eIF4 by UA
could contribute to dysfunction of vascular endothelial cells by lowering
the regenerative potential of the cells or hampering cell signaling [40].
To further explore whether UA specifically regulates cellular path-
ways in HAEC, we used k-means clustering to group proteins into clus-
ter 1 (n= 8): positive concentration dependent increase of expression;
cluster 2 (n= 15): negative concentration dependent decrease; cluster
3 (n = 69): decreasing expression with switch at 300 μmol/L towards
an increase at 500 μmol/L UA; cluster 4 (n= 33): increasing expression
with switch at 300 μmol/L towards a decrease at 500 μmol/L UA
(Fig. 1D). Besides the already identified UPS and eIF4 pathways in clus-
ter 3, IPA revealed an evidence for significant regulation of 11 other
pathways of which we further validated the NO signaling (cluster 2,
steady decrease), the superoxide signaling and hypoxia signaling (clus-
ter 3, decrease with switch at 300 μmol/L) as the most relevant path-
ways in respect to endothelial dysfunction.
UA can be regarded as a Janus face molecule in relation to oxidative
stress pathways. While in serum UA provides potent anti-oxidative ca-
pacity [1], it is well known, that UA can enter the cell via urate trans-
porters [41], and here we show that UA in HAEC can directly promote
oxidative stress (Fig. S3). Furthermore, our findings stress this point by
showingmassive concentration dependent increase of nitrotyrosinylated
proteins even under MG132 inhibition, though MG132 inhibition had a
dampening effect (Fig. 4C).We examined two different enzyme activities
involved in two different ways of ROSmetabolism. Interestingly, catalase
activity (CAT) was concentration dependent downregulated (Fig. 4A)
whereas glutathion peroxidase activity (GPX) was upregulated up to
300 μmol/L UA but showed a significant decrease at 500 μmol/L UA
(Fig. 4B). In addition those experiments proved that UPS regulates ROS
via different mechanisms, because inhibition of UPS by MG132 led to
downregulation of CAT (Fig. 4A) but upregulation of GPX (Fig. 4B). How-
ever, those findings need further investigations.
It is well documented that elevated intracellular ROS can directly in-
duce HIF-1α via NFκB. HIF-1α induces hypoxia related gene expression
and may also be regulated via other, non-hypoxic conditions [42]. We
found a significant concentration dependent increase of HIF-1α (Fig. 6,
white bars). Inhibition of MG132 showed a distinct effect on HIF-1α
abundance promoting an increase in medium control (0 μmol/L UA),
downregulation at 100 μmol/L UA and no effects at ≥300 μmol/L.
These findings once more demonstrate that the effect of UA onmolecu-
lar mechanisms in HAEC is clearly dose dependent.
We showed that UA led to hypoxia, represented by HIF-1α increase.
Hypoxia is well known to increase NO production [43] leading to inhibi-
tion of mitochondrial electron transport chain, thereby impairing cellu-
lar respiration [44]. Interestingly, based on k-means clustering, our IPA
revealed a downregulation of peptides involved in glycolysis (Fig. 1D,
cluster 4) by 500 μmol/L UA stimulation as indicator of declined cellular
glucosemetabolism. On the other hand a negative feedbackmechanism
exists during hypoxia by high NO level inhibition of HIF-1α [45]. This
missing feedback mechanism may explain in part the promotion of
HIF-1α even at low UA concentrations (Fig. 6).
However, our results show that UA induced hypoxia (Fig. 6) is not
associatedwith high NO levels sincewe found a decrease of NOwith in-
creasing concentration of UA (Fig. 5A). Our experiments showed an up-
regulation of eNOSprotein expressionbyUA stimulation (Fig. 5B),while
eNOS phosphorylation is down-regulated (Fig. S4). It is well known that
phosphorylation of Akt is responsible for NO generation via eNOS sig-
naling [46] and interestingly we found upregulation of pAKT by UA
stimulation (Fig. S4). Those results promote the hypothesis that other
intracellular pathways are responsible for direct regulation of phos-
phorylated eNOS on Ser1177 [47] Furthermore, AKT is able to regulate
several cell proteins by phosphorylation [48] and here we found evi-
dence for a significant increase of cell metabolism underlying UA stim-
ulation. Remarkable upregulation of pAkt may be regarded as a
counter-regulation of the cell following UA stimulation to prevent mas-
sive drop of eNOSphosphorylation. Additionally, onehas to take into ac-
count that increased ROS leads to low NO bioavailability by increasing
peroxynitrite and thereby increase of nitrotyrosinylated proteins [49].
This view iswell supported by our finding that UA caused concentration
dependent increase of nitrotyrosinylated proteins (Fig. 4C). However,
many proteins are involved in NO metabolism such as HSP90 and cal-
modulin [43] and our own experiments provide evidence for impaired
protein synthesis, indicated by downregulation of eIF4 (Fig. 3).
The other major pathway regulated by UA was UPS (Fig. 1C). This
pathway is supposed to be a key regulator pathway in cardiovascular
diseases and regulation of NO bioavailability [35]. NO induced protea-
some activation, whereas reduced proteasome activity was associated
with lowering of NO [50]. In contrast we found that diminished NO bio-
availability following UA stimulation was associated with high protea-
some activity, indicating a specific effect of UA on UPS (Fig. 2C).
Application of proteasome inhibitors is currently under discussion as
a new treatment option of endothelial dysfunction [35]. However we
found that UA stimulation of HAEC with 500 μmol/L UA led to the
downregulation of eIF4 and the upregulation of eNOS and HIF-1α inde-
pendent fromUPS as indicated byMG132 inhibition experiments. These
novel findings need further investigation, since literature is rare on dose
dependent effects of UA on endothelial cells.
5. Conclusion
UA exhibits several effects on cellular pathways in HAEC (Fig. S5).
Those effects are mostly concentration dependent and there are multi-
ple mutual interactions between the cellular metabolic pathways in-
duced by UA. The major pathways were UPS and the eIF4 signaling.
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Interestingly, proteasome inhibition by MG132 did not influence the
upregulation of HIF-1α and eNOS signaling and had also no effect on
the downregulation of elF4, indicating a regulation of those pathways
independent from UPS. In summary, our data indicate that the control
of UA levels is of utmost importance for the cellular homeostasis of en-
dothelial cells. Therefore, consequent hyperuricemia therapy is neces-
sary to counteract cardiovascular strain by elevated sUA levels.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2014.07.102.
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Figure S1: Study design. HAEC = human aortic endothelial cells; PLS = partial least 
square regression; NO = nitric oxide; eNOS = endothelial nitric oxide synthase; eIF4 = 
eukaryotic initiation factor 4; CAT = catalase; GPX = glutathione peroxidase; XO = 
xantinoxidase; UPS = ubiquitin–proteasome system; HIF-1α = hypoxia-inducible 









Figure S2: Ubiquitin-proteasome system (UPS) schemata. Black highlighted proteins 










Figure S3: Quantification of UA-induced ROS production in HAEC by flow 
cytometry. HAEC were incubated with increasing concentrations of UA, before ROS 
was quantified by flow cytometry using CellRox deep red fluorescent dye as ROS 
detector. Cells were gated according FSC and SSC (A) and only cells in P1 were 
analyzed for fluorescence (B, C). Cells located in P2 are regarded as cells with a higher 
fluorescent signal when compared to control cells (incubated with 0 μmol/L UA) (B). 
For quantification (D) the x-fold change in cells located in P2 compared to control (0 















Figure S4: Impact of increasing concentrations of UA on eNOS and Akt 
phophorylation. HAEC were incubated with increasing concentrations of UA for 24 h. 
Phosphorylation of eNOS (A) and Akt (B) was quantified by Western blot analysis. To 
compensate for loading differences, phosphorylation at the specific site was normalized 
to the nonphosphorylated form. Representative examples of Western blots are depicted 







Figure S5: Hypothetical model of 500 μmol/L UA regulated pathways and their 
interactions in HAEC. Solid lines indicate our own findings presented in this study, 
dotted lines indicate findings supported by literature; red arrows = direction of 






5.3.2 HDL-Proteom- und Funktionsanalysen von Patienten mit Herzinsuffizienz  
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 200-2011): 
Adams V, Besler C, Fischer T, Riwanto M, Noack F, Höllriegel R, Oberbach A, 
Jehmlich N, Völker U, Winzer EB, Lenk K, Hambrecht R, Schuler G, Linke A, 
Landmesser U, Erbs S. 
Exercise Training in Patients with Chronic Heart Failure Promotes Restoration of 
High-Density Lipoprotein Functional Properties. 
Circ Res. 2013 Dec 6; 113 (12): 1345-55. 
 
Einleitung und wissenschaftlicher Hintergrund: Herzinsuffizienz bedeutet entweder 
eine unvollständige linksventrikuläre Füllung (d. h. eine diastolische Herzinsuffizienz) 
oder eine eingeschränkte linksventrikuläre Kontraktilität (d. h. eine systolische 
Herzinsuffizienz). Insbesondere bei der hypertensiven Herzerkrankung geht die 
diastolische Dysfunktion der Reduktion der Ejektionsfraktion oft um Jahre voraus. 
Übergewicht kann zu einer „Adipositas-Kardiomyopathie“ im Sinne einer 
metabolischen Kardiomyopathie ohne Myokardischämie führen. Es darf inzwischen als 
gesichert gelten, dass Hyperalimentation und Hyperinsulinismus zu direkten 
kardiotoxischen Schäden führen, die einerseits mit Lipidakkumulation im Myokard und 
reduzierter Energiegewinnung mit Verlust an myokardialer Kontraktilität einhergehen 
und andererseits kardiale Signalwege aktivieren, die zu Hypertrophie und 
Herzinsuffizienz führen. Die Adipositas wird in aktuellen Leitlinien als ein anerkannter 
solitärer Risikofaktor für die Entstehung der Herzinsuffizienz beschrieben. Daten aus 
der Framingham-Studie zeigen eindrucksvoll, dass zwischen 11% und 14% aller 
Herzinsuffizienzfälle allein durch die Adipositas ohne weitere vorhandene 
Komorbiditäten erklärt werden können und dass Adipositas das Risiko für die 
Entstehung einer Herzinsuffizienz nahezu verdoppelt. Die Adipositas-assoziierte 
Herzinsuffizienz kann prinzipiell zwei verschiedenen Krankheitsentitäten 
unterscheiden. Zum einen ist die Herzinsuffizienz als Folge der mit der Adipositas 
einhergehenden Erkrankungen zu verstehen und zum anderen der durch Adipositas 
direkt verursachten Kardiomyopathie zuzuschreiben. 
Die Herzinsuffizienz ist insbesondere mit einer HDL-Dysfunktion vergesellschaftet und 
hierdurch verlieren die HDL-Partikel ihre endothelial-schützende Wirkung. Über 




vermindert. Diese Fehlfunktion ist bei Patienten mit einer kardiovaskulären Erkrankung 
besonders deutlich. Einige Autoren beschreiben den positiven Einfluss von 
Ausdauertraining auf das kardiovaskuläre System sowohl von Patienten mit Adipositas 
als auch von Patienten mit Herzinsuffizienz. 
Ziel: In der vorliegenden klinisch-experimentellen Studie wurde geprüft, welche 
Auswirkungen ein mehrwöchiges Ausdauertraining auf die HDL-vermittelte NO-
Regulation in HAEC hat und welche molekularen Signalwege bei Patienten mit CHF zu 
Grunde liegen. Im Wesentlichen wird die HDL-Funktion durch den Besatz der HDL-
Partikel mit Proteinen, Lipiden oder deren Modifikation determiniert. Um zu klären, ob 
die Änderung der HDL-Funktion vom Proteombesatz abhängt, wurde eine Shotgun LC-
MS/MS-Analyse der HDL-Partikel durchgeführt. 
Methoden: HDL-Partikel wurden aus 16 gesunden Kontrollen (HDLhealthy) und 16 
Patienten mit CHF-NYHA-III (HDLNYHA-IIIb) sowie 8 Patienten mit CHF-NYHA-II 
(HDLNYHA-II) vor und nach einem 15-wöchigem Ausdauertraining isoliert. Im Anschluss 
wurden HAEC mit den HDL-Isolaten inkubiert und die Phosphorylierung von eNOS-
Ser1177, eNOS-Thr495, PKC-βII-Ser660 und p70S6KSer411 bestimmt. Zusätzlich erfolgte 
die Messung des HDL-gebundenen Malondialdehyd und der HDL-induzierten NO-
Produktion. Das Proteom der isolierten HDL-Partikel wurde durch Shotgun LC-
MS/MS-Analyse untersucht. Der Gruppenvergleich erfolgte mittels gepaarten bzw. 
ungepaarten T-Tests auf einem Signifikanzniveau von 5% Fehlerwahrscheinlichkeit. 
Zur vergleichenden qualitativen Beurteilung des HDL-spezifischen Proteoms wurde 
eine Principal Components Analysis (PCA) angewandt. Die Zuordnung der 
identifizierten Proteine zu spezifischen Signalwegen und die quantitative Beurteilung 
der Signalwegregulation erfolgte via IPA (Ingenuity Systems, Redwood City, CA, 
USA). 
Ergebnisse: Die Inkubation der HAEC mit HDLNYHA-IIIb löste eine geringere 
Stimulation der Phosphorylierung von eNOS-Ser1177 und eine höhere Phosphorylierung 
von eNOS-Thr495 aus im Vergleich mit HDLhealthy. Diese Ergebnisse korrelieren mit 
signifikant verminderter NO-Freisetzung. Zusätzlich wurde eine erhöhte Aktivierung 
von p70S6K, PKC-βII durch HDLNYHA-IIIb und eine höhere Menge an Malondialdehyd 
im HDLNYHA-IIIb-Partikel im Vergleich zum HDLhealthy-Partikel gemessen. Bei gesunden 
Menschen hatte das Ausdauertraining keine Auswirkung auf die NO-abhängige HDL-




Die Shotgun LC-MS/MS-Analyse der HDL-Partikel identifizierte 709 unterschiedliche 
Peptide die 134 verschiedenen Proteinen zugeordnet werden konnten. Durch die 
Proteomik-Technologieplattform wurden dem HDL-Partikel bisher nicht zugeordnete 
Proteine identifiziert wie beispielsweise die β-Ala-His-Dipeptidase. Unterschiede im 
Proteom-Profil von HDLhealthy-Partikeln und CHF-NYHA-IIIb sowie Effekte von 
Ausdauertraining auf den HDL-Proteombesatz verdeutlichen die variable 
Proteomregulation von HDL. Insbesondere das HDL-Proteom der gesunden Kontrollen 
unterscheidet sich von CHF-Patienten sowohl prä- als auch post-interventionell. Von 
134 HDL-assoziierten Proteinen zeigen sich 41 Proteine des Gesamtdatensatzes mit 
einer hohen interindividuellen Varianz. Der Vergleich der HDLhealthy-Partikel mit HDL-
Partikeln von CHF-NYHA-IIIb-Patienten vor dem Training ergab 13 differentiell abundante 
Proteine. Unter Einbeziehung von 91 identifizierten Proteinen, die in jedem HDL-
Partikel zu verzeichnen waren, konnte kein statistisch relevanter Einfluss von 
Ausdauertraining auf die Zusammensetzung des HDL-Proteoms konstatiert werden. 
Schlussfolgerungen: In Bezug auf die Proteinzusammensetzung war ein deutlicher 
Unterschied erkennbar zwischen gesunden Kontrollen und CHF-NYHA-IIIb-Patienten. 
Allerdings hat das Ausdauertraining nicht zu einer deutlichen Veränderung des HDL-
Proteoms trotz einer verbesserten HDL-vermittelten NO-Produktion geführt. Diese 
Ergebnisse belegen, dass die HDL-Funktion in CHF-Patienten beeinträchtigt ist und 
Ausdauertraining über einen Zeitraum von 15 Wochen die HDL-vermittelte 
Gefäßdilatation verbessern kann. Über diesen Mechanismus kann der positive Einfluss 
von Bewegungstherapie auf das kardiovaskuläre System von CHF-Patienten erklärt 
werden. Die Bestimmung des HDL-Proteoms mittels LC-MS/MS unterstützt die 
Befundung funktioneller Änderungen und belegt die Hypothese eines individuellen 
Proteinbesatzes mit hoher Variabilität. 
  
Rainer Hambrecht, Gerhard Schuler, Axel Linke, Ulf Landmesser and Sandra Erbs
Höllriegel, Andreas Oberbach, Nico Jehmlich, Uwe Völker, Ephraim B. Winzer, Karsten Lenk, 
Volker Adams, Christian Besler, Tina Fischer, Meliana Riwanto, Friederike Noack, Robert
High-Density Lipoprotein Functional Properties
Exercise Training in Patients with Chronic Heart Failure Promotes Restoration of
Print ISSN: 0009-7330. Online ISSN: 1524-4571 
Copyright © 2013 American Heart Association, Inc. All rights reserved.
is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation Research 
doi: 10.1161/CIRCRESAHA.113.301684
2013;113:1345-1355; originally published online September 20, 2013;Circ Res. 
 http://circres.ahajournals.org/content/113/12/1345
World Wide Web at: 
The online version of this article, along with updated information and services, is located on the
 http://circres.ahajournals.org/content/suppl/2013/09/20/CIRCRESAHA.113.301684.DC1.html
Data Supplement (unedited) at:
  
 http://circres.ahajournals.org//subscriptions/
is online at: Circulation Research  Information about subscribing to Subscriptions:
  
 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:
  
document. Permissions and Rights Question and Answer about this process is available in the
located, click Request Permissions in the middle column of the Web page under Services. Further information
Editorial Office. Once the online version of the published article for which permission is being requested is 
 can be obtained via RightsLink, a service of the Copyright Clearance Center, not theCirculation Researchin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:
 by guest on October 28, 2014http://circres.ahajournals.org/Downloaded from 
1345
An abnormality in endothelium-dependent vasodilatation is a key phenomenon in patients with chronic heart fail-
ure (CHF). Numerous animal1,2 and human3,4 studies demon-
strated a significant improvement in endothelium-dependent 
relaxation by exercise training (ET). An important factor re-
sponsible for this improvement is the increase in the bioavail-
ability of NO. Studies using cultured endothelial cells5 (ECs) 
or vessel tissue specimens obtained from trained animals6 or 
humans7 clearly documented that an increase in shear stress 
resulted in activation of endothelial NO synthase (eNOS).
In This Issue, see p 1265 
Editorial, see p 1275
High-density lipoprotein (HDL) levels >40 to 60 mg/dL 
have been proposed as strong independent predictor of lower 
coronary artery disease risk.8,9 Besides promotion of reverse 
cholesterol transport, HDL has been found to exert important 
antiatherogenic effects by stimulation of EC NO production and 
endothelial repair, as well as anti-inflammatory and antioxidant 
effects.10–12 Recent studies revealed that the functional properties 
Clinical/Translational Research
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Rationale: High-density lipoprotein (HDL) exerts endothelial-protective effects via stimulation of endothelial cell 
(EC) nitric oxide (NO) production. This function is impaired in patients with cardiovascular disease. Protective 
effects of exercise training (ET) on endothelial function have been demonstrated.
Objective: This study was performed to evaluate the impact of ET on HDL-mediated protective effects and the 
respective molecular pathways in patients with chronic heart failure (CHF).
Methods and Results: HDL was isolated from 16 healthy controls (HDLhealthy) and 16 patients with CHF-
NYHA-III (HDLNYHA-IIIb) before and after ET, as well as from 8 patients with CHF-NYHA-II (HDLNYHA-II). ECs 
were incubated with HDL, and phosphorylation of eNOS-Ser1177, eNOS-Thr495, PKC-βII-Ser660, and p70S6K-
Ser411 was evaluated. HDL-bound malondialdehyde and HDL-induced NO production by EC were quantified. 
Endothelial function was assessed by flow-mediated dilatation. The proteome of HDL particles was profiled by 
shotgun LC-MS/MS. Incubation of EC with HDLNYHA-IIIb triggered a lower stimulation of phosphorylation at 
eNOS-Ser1177 and a higher phosphorylation at eNOS-Thr495 when compared with HDLhealthy. This was associated 
with lower NO production of EC. In addition, an elevated activation of p70S6K, PKC-βII by HDLNYHA-IIIb, 
and a higher amount of malondialdehyde bound to HDLNYHA-IIIb compared with HDLhealthy was measured. In 
healthy individuals, ET had no effect on HDL function, whereas ET of CHF-NYHA-IIIb significantly improved 
HDL function. A correlation between changes in HDL-induced NO production and flow-mediated dilatation 
improvement by ET was evident.
Conclusions: These results demonstrate that HDL function is impaired in CHF and that ET improved the HDL-
mediated vascular effects. This may be one mechanism how ET exerts beneficial effects in CHF.  (Circ Res. 
2013;113:1345-1355.)
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of HDL with respect to stimulation of NO production are sig-
nificantly impaired in patients with diabetes,13 coronary artery 
disease,14 and primary antiphospholipid syndrome.15 In these 
patients, malondialdehyde (MDA)-modified HDL may trigger 
the activation of PKC-βII, thereby reducing eNOS-dependent 
NO production.14 These findings on the functional capacity of 
HDL in influencing endothelial function might promote a shift 
in therapeutic approaches targeting HDL from a mere increase 
in HDL concentration toward improving HDL function.16 This 
view is further supported by the recently published dal-OUT-
COMES trial, documenting that just increasing HDL level may 
not reduce the risk of recurrent cardiovascular events.17
To assess the relation between disease severity of patients 
with CHF and HDL function, we isolated HDL from healthy 
controls and CHF patients in NYHA class II and IIIb and deter-
mined its ability to stimulate eNOS activation and thereby NO 
production. To study the impact of ET on HDL function, HDL 
was additionally isolated from healthy individuals and NYHA-
IIIb patients after an ET program, and its stimulating effect on 
eNOS phosphorylation and NO production was evaluated.
Methods
Patient Population and Blood Sampling
Sixteen healthy control subjects with normal systolic left ventricle 
function (>55%), without signs or symptoms of CHF as well as evi-
dence of coronary artery disease during coronary angiography, were 
included in the study. The healthy control subjects performed an ET 
program as outlined below for 4 weeks. In addition, 8 patients with 
CHF (LVEF <40%) in NYHA class II and 16 CHF patients in NYHA 
class IIIb were recruited. Patients in NYHA-IIIb were assigned to a 
12-week ET program as outlined below.
Blood was collected from all subjects when entering the study and 
when finishing the ET program (only healthy and NYHA-IIIb sub-
jects). Serum was prepared by centrifugation (10 minutes at 3000g at 
4°C) and stored at −80°C until used.
Training Protocol
NYHA-IIIb. The initial phase of the exercise program was supervised 
and performed in-hospital. During the first 3 weeks, patients exercised 
3 to 6 times daily for 5 to 20 minutes on a bicycle ergometer adjusted 
to the workload at which 50% of maximum oxygen uptake (VO2max) 
was reached. Before discharge from the hospital, symptom-limited 
spiroergometry was performed again to determine the training target 
heart rate for home-based training (defined as the heart rate reached at 
60% of VO2max). On discharge, patients were provided with bicycle 
ergometers for home-based ET. They were encouraged to exercise 
close to their target heart rate for 20 to 30 minutes daily for a period 
of 12 weeks and were expected to participate in 1 supervised group 
training session for 60 minutes every week consisting of walking, 
calisthenics, and noncompetitive ball games.
Healthy Controls. The complete ET program was supervised and 
performed in-hospital. The participants exercised at 65% to 75% of 
VO2max during a period of 4 weeks (4 times 30 minutes per day, 5 
days per week) on a bicycle ergometer.
The total exercise time or exercise volume was not different be-
tween both groups.
Measurement of Endothelial Function
Flow-mediated dilatation of the radial artery was measured using 
a high-resolution ultrasound scanning echo-tracking angiometer 
(NIUS 02; Asulab Research Laboratory, Neuchatel, Switzerland). For 
detailed description, see Online Data Supplement.
Isolation of HDL
HDL was isolated from serum by sequential density ultracentrifu-
gation (d=1.006–1.21 g/mL) as recently described in detail.13,14 For 
 detailed description, see Online Data Supplement.
Cell Culture and Incubation With Isolated HDL
Human aortic ECs (HAEC; Cell Systems Biotechnology, Troisdorf, 
Germany) were cultured in EGM-2 cell culture medium (Lonza, 
Walkersville, MD) until 80% to 90% confluence. Cells were in-
cubated for 0, 5, 10, 15, 30, or 60 minutes with 50 µg/mL isolated 
HDL. To elucidate signaling pathways, cells were pretreated (1 hour 
before HDL stimulation) with specific inhibitors such as rapamycin 
(20 nmol/L; Santa Cruz, Heidelberg, Germany) to inhibit p70S6K, 
or CG53353 (2 µmol/L; Merck Chemicals, Nottingham, United 
Kingdom) to inhibit PKC-βII. Thereafter, cells were harvested 
with ice-cold lysis buffer (50 mmol/L Tris-HCl; pH 7.4; 1% NP-
40; 0.25% Na-deoxycholate; 150 mmol/L NaCl; 1 mmol/L EDTA; 
0.1% Triton X-100; 0.2% SDS) containing protease inhibitor mix M 
(Serva, Heidelberg, Germany) as well as phosphatase inhibitor mix II 
(Serva). Protein concentration was determined using BSA as standard 
(BCA method; Pierce, Rockford, IL).
Western Blot Analysis
Ten micrograms of total protein was separated on a denaturing poly-
acrylamid gel and transferred to a PVDF membrane. To detect specif-
ic proteins, the following antibodies were applied: anti-eNOS (Santa 
Cruz), antiphospho-eNOS-Ser1177, antiphospho-eNOS-Thr495 (both 
BD Biosciences, Heidelberg, Germany), anti-PKC-βII, antiphospho-
PKC-βII-Ser660, anti-p70S6K, antiphospho p70S6Kα-Ser411 (all Santa 
Cruz). For the evaluation of HDL-induced phosphorylation of the 
 respective protein, the maximal stimulation was used. All samples 
were analyzed in triplicate.
Measurement of EC NO Production by ESR 
Spectroscopy
HAECs were incubated with HDL (50 µg/mL) for 60 minutes. NO 
production in HAEC was measured by ESR spectroscopy using the 
spin-probe colloid Fe(DETC)2. For detailed description, see Online 
Data Supplement.
Measurement of Paraoxonase-1 Enzymatic Activity
Paraoxonase (Pon) activity of HDL-associated paraoxonase-1 (PON1) 
was measured by spectrophotometry using paraoxon as substrate.14
Quantification of Protein-Bound Malondialdehyd  
in HDL
Free and protein-bound MDA in HDL was detected by a commer-
cially available lipid peroxidation assay kit (ALDetect; Enzo Life 
Sciences) as recommended by the manufacturer.
Measurement of Plasma Oxidative Capacity
Oxidative capacity was determined in plasma samples from all par-
ticipants using a commercially available quantification kit (PerOx; 
KC5100; Immundiagnostik, Bensheim, Germany). Measurements 
were performed in duplicate.
Nonstandard Abbreviations and Acronyms
CHF chronic heart failure
EC endothelial cell
eNOS endothelial NO synthase
ET exercise training
HDL high-density lipoprotein
HAEC human aortic EC
VO2max maximum oxygen uptake
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NanoLC-MS/MS Analysis
The proteome of isolated HDL particles was investigated by shot-
gun LC-MS/MS analysis.18 For detailed description, see Online Data 
Supplement.
Statistical Analysis
SPSS version 16.0 (SPSS Inc, Chicago, IL) was used for all the analyses. 
Data are expressed as means±SEM. Comparisons among groups were 
tested with ANOVA. When data were not normally distributed or the 
variance was not equal, the Kruskal–Wallis nonparametric test was used. 
A value of P<0.05 was considered statistically significant. All measure-
ments were made by investigators blinded to the treatment group.
Results
Patient Characteristics and Follow-up After ET
The baseline values for all individuals included into the study 
are depicted in Online Table I. As expected, the healthy in-
dividuals significantly differed from patients with CHF with 
respect to left ventricle ejection fraction, maximal oxygen 
consumption, and medication. No difference was observed 
among the 3 groups comparing age, body mass index, arterial 
hypertension, and diabetes mellitus. None of the CHF patients 
were active smokers, whereas 3 healthy controls smoked at 
study beginning. On analyzing the lipid profile, a significant-
ly lower HDL concentration was evident in CHF patients in 
NYHA class IIIb as compared with healthy individuals.
The ET program of 12 weeks in NYHA class IIIb patients 
led to an increase of VO2max (14.9±0.6 to 16.8±0.9 mL/kg per 
minute; P<0.05) and left ventricular ejection fraction (26±1% 
to 32±2%; P<0.05). With respect to lipid profile, no change 
after 12 weeks of ET was evident. In the healthy controls, ET 
resulted in an increase in VO2max, a decrease in LDL, and an 
increase in HDL. All other parameters were unchanged.
HDL-Mediated eNOS Phosphorylation and NO 
Production: Impact of ET
Incubating HAECs with HDLhealthy, phosphorylation of eNOS at 
position Ser1177 was increased 4.7±0.4-fold versus unstimulat-
ed cells. This stimulation of eNOS-Ser1177 phosphorylation was 
lower with HDLNYHA-II (3.7±1.1-fold versus unstimulated cells; 
P=NS versus healthy controls), reaching significantly lower 
values with HDLNYHA-IIIb compared with HDLhealthy (1.7±0.2-fold 
versus unstimulated cells; P<0.001 versus healthy controls; 
Figure 1A). Analyzing the eNOS phosphorylation at position 
Thr495, HDLNYHA-IIIb stimulated phosphorylation significantly 
more than by HDLhealthy (NYHA-IIIb: 3.3±0.4-fold versus un-
stimulated cells; NYHA-II: 2.6±0.5-fold versus unstimulated 
cells; healthy controls: 1.5±0.4-fold versus unstimulated cells; 
P<0.05 NYHA-IIIb versus healthy controls; Figure 1B). These 
differences in HDL-mediated eNOS phosphorylation capac-
ity between the groups were also evident when measuring the 
HDL-induced NO production of ECs (Figure 2).
Comparing the functional properties of HDLNYHA-IIIb before 
and after an exercise program revealed a significant improve-
ment in phosphorylation of eNOS at position Ser1177 (begin-
ning: 1.7±0.2-fold versus unstimulated cells; end: 3.3±0.5-fold 
versus unstimulated cells; P<0.01; Figure 1A), a significant 
reduction in phosphorylating eNOS at position Thr495 (begin-
ning: 3.3±1.0-fold versus unstimulated cells; end: 2.1±0.4-fold 
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Figure 1. Human aortic endothelial cells were incubated with high-density lipoprotein (HDL; 50 µg/mL) isolated from healthy controls 
(healthy) at beginning (Beg.) and after performing an exercise training program (End), chronic heart failure (CHF) patients in NYHA 
class-II (NYHA-II), and CHF patients in NYHA class-III at beginning (Beg.) and after finishing an exercise training program (End), 
and phosphorylation of endothelial NO synthase (eNOS) at position Ser1177 (A) and Thr495 (B) was evaluated by Western blot analysis. 
To compensate for protein loading differences, phosphorylation at the specific site was normalized to the nonphosphorylated form. For 
quantitative analysis, the x-fold increase in eNOS phosphorylation of HDL-incubated cells vs untreated cells was determined. Representative 
examples of the Western blots are depicted on top of the figure. Values are expressed as means±SEM.
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versus unstimulated cells; P<0.05; Figure 1B), and a signifi-
cantly higher production of NO in ECs (beginning: −1.0±3.3% 
increase versus buffer-treated cells; end: 19.4±7.5% increase 
versus buffer-treated cells; P<0.01; Figure 2). No significant 
impact of ET was observed in the healthy control group with re-
spect to HDL-mediated eNOS-Ser1177 phosphorylation (begin-
ning: 4.7±0.4-fold versus unstimulated cells; end: 4.1±0.5-fold 
versus unstimulated cells; P=NS), eNOS-Thr495 phosphoryla-
tion (beginning: 1.5±0.4-fold versus unstimulated cells; end: 
1.5±0.3-fold versus unstimulated cells; P=NS; Figure 1A and 
1B), and NO production (Figure 2).
HDL-Mediated PKC-βII-Ser660 Phosphorylation
Incubation of HAECs with HDLhealthy resulted in a 1.4±0.3-
fold increase in PKC-βII phosphorylation at position Ser660 
as compared with unstimulated cells. The ability to stimulate 
PKC-βII phosphorylation was increased with increasing se-
verity of CHF (NYHA-II: 1.8±1.1-fold versus unstimulated 
cells; NYHA-IIIb: 2.2±0.7-fold versus unstimulated cells; 
P<0.05 NYHA-IIIb versus healthy; Figure 3A). In patients 
with CHF NYHA class IIIb, performing an exercise program 
significantly reduced the ability of HDLNYHA-IIIb to phosphory-
late PKC-βII (beginning: 2.2±0.7 versus end: 1.4±0.2-fold 
versus unstimulated cells; P<0.05; Figure 3A). No impact of 
ET on HDL-induced phosphorylation of PKC-βII was ob-
served in healthy controls (beginning: 1.4±0.3 versus end: 
1.6±0.2-fold versus unstimulated cells; P=NS; Figure 3A).
To evaluate the importance of PKC-βII activation for HDL-
induced eNOS phosphorylation, the HDLNYHA-IIIb-induced 
eNOS phosphorylation at Ser1177 and Thr495 was measured 
in the absence or presence of a specific PKC-βII inhibitor 
(CG53353). As shown in Figure 3B, the inhibition of PKC-βII 
prevented HDL-induced phosphorylation at eNOS-Thr495 with-
out having any influence on eNOS-Ser1177 phosphorylation.
HDL-Mediated p70S6K-Ser411 Phosphorylation
Incubation of HAECs with HDLhealthy resulted in a 1.5±0.2-
fold increase in p70S6K phosphorylation at position Ser411 as 
compared with unstimulated cells. This ability to stimulate 
p70S6K phosphorylation was increased with increasing 
severity of CHF (NYHA-II: 1.9±0.4-fold versus unstimu-
lated cells; NYHA-IIIb: 3.1±0.7-fold versus unstimulated 
cells; P<0.05 NYHA-IIIb versus healthy; Figure 4A). In pa-
tients with CHF NYHA class IIIb, performing an exercise 
program significantly reduced the ability of HDLNYHA-IIIb to 
phosphorylate PKC-βII (beginning: 3.1±0.7 versus end: 
1.4±0.1-fold versus unstimulated cells; P<0.01; Figure 4A). 
No impact of ET on HDL-induced phosphorylation of PKC-
βII was observed in healthy controls (beginning: 1.5±0.2 
versus end: 1.7±0.2-fold versus unstimulated cells; P=NS; 
Figure 4A).
Blocking PKC-βII activation by CG53353 resulted in 
an inhibition of HDLNYHA-IIIb–induced phosphorylation of 
p70S6K at Ser411 (Figure 4B). In addition, blocking p70S6K 
activation by rapamycin prevented HDLNYHA-IIIb–induced 
phosphorylation of eNOS at Thr495 without influencing 
eNOS phosphorylation at Ser1177 (Figure 4C and 4D).
MDA Bound to HDL
HDL-bound MDA was significantly increased in HDLNYHA-IIIb as 
compared with HDLhealthy (healthy: 0.39±0.09 nmol/mg HDL; 
NYHA-II: 0.64±0.09 nmol/mg HDL; NYHA-IIIb: 1.13±0.10 
nmol/mg HDL; P<0.001 healthy versus NYHA-IIIb; P<0.05 
NYHA-II versus NYHA-IIIb; Figure 5A). After finishing an 
ET program, the amount of HDL-bound MDA was signifi-
cantly reduced by 27.4±6.1% in CHF-NYHA-IIIb, whereas no 
change was observed in healthy controls (Figure 5B).
PON-1 Enzyme Activity and Total Lipid Peroxides
Measuring the Pon enzymatic activity of PON-1 associated 
with isolated HDL, a significant decrease in HDLNYHA-IIIb was 
evident as compared with HDLhealthy (Figure 5C). Although 
exercise intervention triggered a further increase in PON-1 
activity of HDLhealthy, it did not result in an improvement of 
low PON-1 activity observed for HDLNYHA-IIIb (Figure 5C).
Evaluating circulating total lipid peroxides as a measure 
for oxidative status, a significant higher level was obvious 
in the plasma of CHF NYHA-IIIb patients as compared 
with that of healthy controls (healthy: 151±41 versus 
NYHA-IIIb: 351±71 µmol/L; P<0.05). Furthermore, the 
ET intervention led to a significant reduction of total lip-
id peroxides (beginning NYHA-IIIb: 351±71 versus end: 
NYHA-IIIb: 210±54 µmol/L; P<0.05; Figure 5D). No im-
pact of ET on total lipid peroxides was evident in healthy 
controls (Figure 5D).
Correlation Between HDL and Endothelial 
Function
To investigate if the exercise-induced change in HDL func-
tion observed in CHF NYHA-IIIb patients has some influ-
ence on endothelial function, a correlation analysis between 
the change in HDL function and the observed change in en-
dothelial function was performed. A significant correlation 
was evident between the change in HDL-induced eNOS-
Ser1177 phosphorylation (r=0.83; P<0.0001; Figure 6A) 
or the absolute change in HDL-induced NO production 








































Figure 2. Effect of high-density lipoprotein (50 µg/mL, 60 
minutes, 37°C) from healthy controls (healthy; n=8) before 
(Beg.) and after an exercise program (End), chronic heart 
failure (CHF) patients in NYHA class II (NYHA-II; n=8), and CHF 
patients in NYHA class III (n=8) at beginning (Beg.) and after 
finishing exercise training (End) on endothelial NO production as 
determined by ESR spectroscopy. Data are expressed as percent 
change vs buffer-treated cells. Values are expressed as means±SEM.
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Proteome Analysis of HDL Particles
In LC-MS/MS analysis of HDL particles, 709 distinct pep-
tides covering 134 distinct proteins were identified, ap-
plying a MASCOT cut-off ion score of >23 and a false 
discovery rate of <1%. We identified additional protein 
groups that have not been described in HDL particles 
before, such as β-Ala-His dipeptidase (CNDP1; Online 
Table II).
Differences in the proteomic profile of HDLs from healthy 
controls and CHF-NYHA-IIIb patients as well as effects of 
ET were visualized using a principal component analysis 

































































































































Figure 3. Human aortic endothelial cells (HAECs) were incubated with high-density lipoprotein (HDL; 50 µg/mL) isolated from 
healthy controls (healthy; n=8) at beginning (Beg.) and after finishing an exercise training (ET) program (End), CHF patients in 
NYHA class II (NYHA-II; n=8), and CHF patients in NYHA class III (n=8) at beginning (Beg.) and after finishing an ET program (End), 
and phosphorylation of PKC-βII at position Ser660 was evaluated by Western blot analysis (A). HAECs were incubated with HDL 
(50 µg/mL) isolated from CHF NYHA-IIIb patients in the presence or absence of a PKC-βII inhibitor (+/− CG53353), and phosphorylation 
of eNOS-Ser1177 (B) and eNOS-Thr495 (C) was evaluated. To compensate for protein loading differences, phosphorylation at the specific 
site was normalized to the nonphosphorylated form. For quantitative analysis, the x-fold increase in PKC-βII phosphorylation of HDL-
incubated cells vs untreated cells was determined. Representative examples of the Western blots are depicted on top of the figure. Values 
are expressed as means±SEM.
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Figure 7A). Each point represents 1 LC-MS/MS run of 1 sub-
ject. The plot displays the first 2 principal components that 
account for ≈30% of the global variance. A separation of 
the HDL proteomes of the healthy controls (pre- and post-
intervention) and CHF-NYHA-IIIb patients (pre- and post-
intervention) was observed. However, ET did not result in 
changes in HDL proteome sufficient to trigger separation of 
HDL proteomes of either healthy controls (Beg. versus End) 
or CHF-NYHA-IIIb patients (Beg. versus End; Figure 7A) be-
fore and after ET.
Because 41 proteins of the total data set of 134 proteins 
were only observed in 1 or a few samples, they might repre-
sent interindividual variation. Thus, detailed analyses of varia-
tions on individual proteins were focused on the remaining 93 
proteins that were seen in all samples of the respective group 
(either patients/control or before/after ET).
t Tests were performed to reveal proteins that significantly 
differed in healthy controls and CHF-NYHA-IIIb patients 
 either before or after ET. Volcano plots show the significance 
versus effect size change on the y and x axes, respectively, 
to visualize the most meaningful different proteins quickly 
(Figure 7B and 7C). The comparison of controls and NYHA 
patients before exercise revealed 13 proteins that differed in 
level between both groups (Figure 7B; red spots). After in-
tervention, 17 proteins were present at different levels in con-
trols and NYHA patients (Figure 7C; red spots; Online Table 
I). Additionally, t tests were performed to identify proteins 
influenced by ET either in the control or the patient group. 
However, for only 1 protein (Apolioprotein C-II), abundance 
levels were different in the healthy control group before and 
after exercise with a minor effect size (P<0.004; effect size 
of 0.19 indicates 1.15-fold change; Online Table I). No ET-
dependent difference in individual proteins was observed for 
HDLNYHA-IIIb.
Discussion
In recent years, it became evident that not only the quantity, 
but also the functional capacity of HDL is important for 
influencing the risk of cardiovascular disease.19 Therefore, 
strategies are being developed to increase HDL quantity 
and function.16 ET is an accepted intervention strategy 
in patients with systolic heart failure,20 and the molecu-
lar mechanisms behind the beneficial effect of ET have 
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Figure 4. Human aortic endothelial cells (HAECs) were incubated with high-density lipoprotein (HDL; 50 µg/mL) isolated from 
healthy controls (healthy) at beginning (Beg.) and after finishing an exercise training (ET) program (End), chronic heart failure 
(CHF) patients in NYHA class II (NYHA-II), and CHF patients in NYHA class III at beginning (Beg.) and after finishing an ET program 
(End), and phosphorylation of p70S6K at position Ser411 was evaluated by Western blot analysis (A). HAECs were incubated with 
HDL (50 µg/mL) isolated from CHF-NYHA-IIIb patients in the presence or absence of a PKC-βII inhibitor (+/− CG53353; B) or the p70S6K 
inhibitor rapamycin (+/− rapamycin; C and D), and phosphorylation of p70S6K-Ser411 (B) or phosphorylation of eNOS-Ser1177 (C) and 
eNOS-Thr495 (D) was evaluated. To compensate for protein loading differences, phosphorylation at the specific site was normalized to the 
nonphosphorylated form. For quantitative analysis, the x-fold increase in PKC-βII phosphorylation of HDL-incubated cells vs untreated cells 
was determined. Representative examples of Western blots are depicted on top of the figure. Values are expressed as means±SEM.
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et al21). With respect to functional properties of HDL in 
patients with CHF and the impact of ET, several findings 
emerge from the present study. First, the functional capac-
ity of HDL to increase NO production in ECs via modula-
tion of eNOS phosphorylation is impaired in patients with 
CHF. This functional incompetence is gradually increas-
ing with disease severity. Second, in CHF patients, the 
amount of MDA bound to HDL is significantly elevated 
and the activation of PKC-βII/p70S6K by HDLNYHA-IIIb is 
significantly increased as compared with HDLhealthy. Third, 
ET of CHF patients in NYHA-IIIb for 12 weeks signifi-
cantly restored the functional capacity of HDL as well as 
the amount of MDA bound to HDL and the HDL-mediated 
activation of PKC-βII/p70S6K. The ET-induced change in 
HDL function significantly correlated with an improved en-
dothelial function. Fourth, proteome analysis of the HDL 
particles revealed a clear distinction between HDL isolated 
from healthy controls and CHF NYHA-IIIb patients. No 
significant impact of ET on the overall protein composition 
of HDL particles was evident.
These findings suggest that ET has a positive effect on HDL 
function with respect to NO generation, and this might be one 
pathway how ET improves endothelial function in patients 
with CHF.
CHF and the Ability of HDL to Regulate NO 
Production
Experimental and clinical studies have suggested that 
eNOS-derived NO is a crucial determinant of vascular 
homeostasis, and reduced bioavailability of NO plays an 
important role in the development and progression of ath-
erosclerosis.22 Patients with CHF, irrespective of atheroscle-
rotic etiology, are characterized by endothelial dysfunction 
as a result of increased oxidative stress and reduced NO 
bioavailability.23
The activity of eNOS is regulated by intracellular calcium 
concentration, protein concentration per se, or by phosphor-
ylation at specific residues via activation of protein kinase 
B or protein kinase A (for a detailed review, see Kolluru 
et al24). Besides the activation of eNOS by shear stress or 
agonists such as acetylcholine, bradykinin, or vascular endo-
thelial growth factor, HDL also has the potency to activate 
eNOS by binding to the scavenger receptor-B1.25 In the pres-
ent study, we described, for the first time, that the capacity of 
HDL isolated from CHF patients to phosphorylate eNOS and 
generate NO is significantly impaired. This reduced ability 
of HDL to stimulate eNOS activity and NO production even 
seems to be related to disease severity, because the most rel-
evant impairment was seen in CHF patients in NYHA class 
IIIb followed by patients in NYHA-II as compared with 
healthy controls. This result is in good agreement with find-
ings in other atherosclerotic disorders.13–15 This functional 
reduction of HDL is on top of a quantitative reduction of 
HDL, which was noted in patients described in the present 
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Figure 6. Correlation analysis between 
change in eNOS-Ser1177 phosphorylation 
and change in endothelial function 
(n=16; A) and between change in NO 
production and change in endothelial 
function (n=8; B) for NHYA-IIIb patients 













































































































Figure 5. Quantification of protein-bound malondialdehyde 
(MDA) in high-density lipoprotein (HDL) isolated from healthy 
controls (healthy; n=8), chronic heart failure (CHF) patients 
in NYHA class II (NYHA-II; n=8), and CHF patients in NYHA 
class III (n=8; A) as well as the change after performing an 
exercise training program (B). PON1 paraoxonase activity was 
measured in HDL isolated from healthy controls (healthy) before 
(Beg.) and after an exercise training (ET) program (End), CHF 
patients in NYHA class II (NYHA-II), and CHF patients in NYHA 
class III at beginning (Beg.) and after finishing an ET program 
(End; C). In addition, the total amount of lipid peroxides as a 
measure for oxidative load was quantified in the plasma of all 
study participants (D). Values are expressed as means±SEM.
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study and in current literature,26 resulting in a lower antiath-
erosclerotic effect of HDL.
Impact of ET on HDL Function
ET has been proven to correct endothelial dysfunction par-
tially in a variety of diseases (for a review, see Gielen et 
al21). Restoration of NO bioavailability due to an increase 
in eNOS expression, a protein kinase B–mediated phos-
phorylation of eNOS at position Ser1177, and the reduction 
in ROS are discussed as molecular mechanisms.7,27 Using 
cultured human ECs and HDLNYHA-IIIb isolated before and 
after an ET intervention program, we could clearly dem-
onstrate an improvement in HDL function, measured as 
the capacity to phosphorylate eNOS at Ser1177 and Thr495, 
culminating in an increased NO production. The positive 
effect of ET on HDL function is in line with a study per-
formed on overweight/obese men with cardiovascular risk 
factors where a low-fat diet combined with ET resulted 
in a lower HDL inflammatory index.28 Unfortunately, the 
authors did not analyze the individual effects; it is not 
possible to differentiate which intervention, diet or ET, 
was responsible for the observed effect. Based on the re-
sults presented in this study, one may speculate that the 
training-induced increase in NO bioavailability and fi-
nally the improvement of endothelial function is partly 
because of an altered HDL function. This assumption is 
at least supported by the positive correlation between 
the exercise-induced change in HDL function (change 
in HDL-mediated phosphorylation of eNOS or HDL-
mediated NO production) and the change in endothelial 
function. This functional improvement of HDL by ET is 
realized without a change in total HDL concentration. 
This finding highlights an important point, namely, the 
functional competence of HDL may be more important 
for regulating endothelial function/antithrombotic func-
tion than the absolute amount.
Possible Molecular Mechanisms
As already described for HDL isolated from patients with 
stable coronary artery disease or an acute coronary syn-
drome,14 HDLNYHA-IIIb significantly activated PKC-βII and 
subsequently p70S6K, thereby inhibiting protein kinase 
B–dependent regulation of eNOS.29,30 Inhibition studies 
using either CG53353 or rapamycin clearly documented 
that the activation of p70S6K is downstream of PKC-βII 
activation, and that HDL-mediated activation of this path-
way influences mainly phosphorylation of eNOS at the in-
hibitory site Thr495. Of note, this activation of the PKC-βII 
pathway was significantly reduced in CHF patients after 
an ET program. A central question based on this observa-
tion is: what discriminates HDL isolated from healthy con-
trols and patients with CHF in NYHA-IIIb in its ability to 
activate PKC-βII/p70S6K? At least 2 possibilities should 
be discussed: first, a change in the overall protein compo-
sition of the HDL particle; and second, a post-translational 
modification of the HDL particle. With respect to pro-
tein composition, a clear difference was evident between 
healthy controls and CHF-NYHA-IIIb patients. However, 
ET did not result in a drastic modification of the HDL 
proteome despite an improved HDL-mediated NO produc-
tion. Second, another potential mechanism would be the 
modification of apolipoprotein A1 by reactive intermedi-
ates. Indeed, impaired HDL function after modification by 
MDA or myristic acid could be documented.31–33 For ex-
ample, MDA modification of HDL decreased cholesterol 
efflux from cultured human fibroblasts31 or rat liver ECs.32 
Notably, in the present study, we observed that a significant 
higher level of MDA is bound to HDLNYHA-IIIb in compari-
son with HDLhealthy, and that a training intervention signifi-
cantly reduced the MDA amount bound to HDLNYHA-IIIb. 
Supported by in vitro studies,14 it is reasonable to assume 
that the amount of MDA bound to HDL regulates the ac-
tivation of PKC-βII (higher activation of PKC-βII in case 
more MDA is bound to HDL) and, finally, the activation 
of eNOS and NO generation. Because the modulation of 
HDL by MDA seems to play such a central role, the ques-
tion that arises is: which factors are regulating the amount 
of MDA bound to HDL, and how are they influenced by 
ET? Pon, an enzyme associated with HDL, protects lipo-
proteins (HDL and LDL) from oxidative modification, 
and in clinical studies, a negative correlation between Pon 
activity and cardiovascular risk was confirmed.34,35 In the 
present study, Pon activity of HDLNYHA-IIIb was significant-
ly decreased when compared with HDLhealthy. However, ET 
had no effect on Pon activity. This is in accordance with a 
study performed in obese men, showing improved HDL in-





































Figure 7. A principal component analysis plot of the high-
density lipoprotein (HDL) proteome separates healthy 
and CHF-NYHA-IIIb as well as before (Beg.) and after 
performing an exercise training (End; A). Volcano plots show 
the significance vs effect size change to quickly visualize the 
most meaningful changes comparing HDLhealthy and HDLNYHA-IIIb at 
beginning (B) and after the exercise training program (C).
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intervention without changing Pon activity.28 Therefore, at 
the moment it remains unclear which mechanism beside 
Pon activity may be responsible for the ET-mediated re-
duction in MDA bound to HDL. Of note, an influence of 
ET on the total oxidative capacity, measured as lipid per-
oxides in the patient plasma, was evident. One may specu-
late that ET reduces the oxidative load and thereby reduces 
the amount of MDA bound to HDL.
Study Limitations
Some limitations of the present study should be mentioned.
First, only 16 NYHA-III patients or healthy individu-
als and 8 NYHA-II patients were included into the study. 
Nevertheless, the primary goal of this study was to inves-
tigate if HDL function in patients with CHF was altered 
and if this could be reversed by ET. Even with such a small 
number of individuals in each group, a significant impaired 
HDL function in NYHA-IIIb was evident, which could be 
improved by ET. Unfortunately, no data are available on 
the impact of ET in CHF patients in NYHA-class II, and 
we cannot rule out the impact of differences in medication 
background.
Second, it remains unclear which mechanism is respon-
sible for the exercise-induced reduction of MDA bound 
to HDL. According to the data presented, the activity of 
paraoxogenase is not altered by ET and, therefore, can be 
excluded. However, we could observe an exercise-induced 
reduction in lipid peroxidation, which is a general measure 
for oxidative load. So far, it remains unclear which enzy-
matic system is responsible for the observed reduction in 
oxidative stress.
Third, currently we do not know if the alterations in HDL 
proteome observed between HDLhealthy and HDLNYHA-IIIb have 
any causal relevance for HDL-mediated eNOS phosphoryla-
tion. To answer these questions, extensive studies using site-
directed mutagenesis are warranted. Because the proteome 
seems not to be influenced by ET, one may speculate that the 
HDL particle composition may not be as critical for HDL-
mediated eNOS regulation as the MDA bound to the HDL 
particle.
Fourth, the results presented are obtained in cell culture 
experiments using HDL isolated from frozen serum of differ-
ent patient cohorts. Therefore, it has to be answered if this 
modulation of HDL also has an impact on endothelial function 
in vivo. At least the correlation detected between improved 
endothelial function induced by ET measured in vivo and 
HDL-associated change in eNOS phosphorylation and NO 
generation measured in vitro implies that this is an important 
mechanism for the regulation of endothelial function in vivo. 
With respect to serum storage at −80°C and functionality, no 
data with respect to HDL-mediated eNOS phosphorylation 
are available. Nevertheless, in a recent study investigating the 
HDL-mediated cholesterol efflux, no difference was detected 
between HDL isolated from fresh serum and serum stored for 
up to 2 years.36
Conclusions
In summary, the reduced ability of HDL to stimulate endo-
thelial NO production via activation of eNOS in patients with 
advanced CHF suggests a loss of this functional property of 
HDL. An ET program in this patient cohort seems to correct 
this dysfunction partially. This may be one possible explana-
























Figure 8. Hypothetical working model: how disease progression and exercise training (ET) influences HDL-induced NO 
production. Disease progression leads to a higher amount of malondialdehyde (MDA) bound to HDL, whereby PKC-βII gets more and 
more activated. This activation leads to an inhibition of HDL-mediated NO production because of a reduced endothelial NO synthase 
phosphorylation at eNOS-Ser1177 and a higher phosphorylation at eNOS-Thr495. This process seems to be partially reversible by ET.
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endothelial function. The exercise-mediated effect on HDL 
function seems to be mediated via a reduction in MDA bound 
to HDL, leading finally to a lower activation of PKC-βII re-
sulting in a higher activation of eNOS and a higher synthesis 
of NO (Figure 8).
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What Is Known?
Endothelial function is significantly impaired in patients with chronic 
heart failure (CHF), partly because of a reduction in NO bioavailability.
Exercise training (ET) can restore endothelial function in patients with 
CHF.
High-density lipoprotein (HDL)-mediated NO production in endothelial 
cells is impaired in patients with diabetes mellitus and cardiovascular 
diseases.
What New Information Does This Article Contribute?
HDL-mediated NO production via activation of endothelial NO synthase 
(eNOS) is significantly impaired in patients with heart failure.
Reduction in HDL-mediated eNOS activation correlates with the sever-
ity of heart failure.
Aerobic ET over a 12-week period partially restores HDL-mediated NO 
production in the ECs in patients with heart failure.
This improvement in endothelial function by ET is probably because of 
a reduction in HDL-bound malondialdehyde (MDA) resulting in a lesser 
inhibition of eNOS.
The study was designed to investigate the impact of aerobic 
continuous ET on HDL-mediated regulation of eNOS activation 
and NO production in patients with CHF. Isolated HDL from CHF 
patients exhibited a lower capacity to activate eNOS and produce 
NO, as compared with healthy controls. Impaired NO production 
correlated with the severity of heart failure. Twelve weeks of er-
gometer training partially restored impaired HDL function in acti-
vating eNOS in CHF patients in NHYA class IIIb. Partial recovery of 
HDL-mediated eNOS activation correlated with an improvement 
in endothelial function. No effect of ET was observed in healthy 
controls. Exercise-mediated improvement of HDL function was 
associated with a reduction of HDL-bound MDA level and a lower 
activation of PKC-βII. The results suggest that ET is an important 
modulator of HDL function in activating eNOS and generating NO 
in patients with chronic heart failure.
Novelty and Significance
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Supplementary Material 
Measurement of endothelial function 
A high-resolution echo-tracking angiometer (NIUS 02, Asulab Research laboratory, 
Neuchatel, Switzerland) was used for non-invasive measurement of radial artery 
internal diameter. FMD measurements were performed before exercise testing. After a 
rest period of at least 20 minutes and under standardized conditions (quite, temperature-
controlled room, fasting condition) baseline diameter was determined. A 10 MHz 
transducer was positioned perpendicular to the radial artery about 5 cm proximal to the 
wrist, without direct skin contact. During measurements the patient was in supine 
position with the forearm resting on a special support device to avoid unintentional 
motions. For determination of FMD, the brachial artery was occluded by inflating a 
blood pressure cuff to 50 mmHg above the systolic blood pressure for 5 minutes. The 
radial artery internal diameter was continuously recorded at least 180 seconds after cuff 
release, and the maximal diameter was recorded and related to baseline diameter to 
determine FMD. Only one experienced investigator (S.E.), who was blinded to patient 
identity, group assignment, and intervention status performed FMD measurements. 
Isolation of HDL 
Serum aliquots (1-2 ml) were mixed with KBr solution (d=1.006) and centrifuged for 
24h in an ultracentrifuge (T865 rotor, 50´000 rpm, 4°C, 10.4 ml tubes). After the 
centrifugation, the lower half of the centrifuge tube was transferred to a new centrifuge 
tube containing 0.941 g solid KBr. The tube was filled with KBr solution (d=1.006) and 
centrifuged for 24h (T865 rotor, 50´000 rpm; 4°C). Once again, the lower half of the 
tube was transferred to a new tube containing 2.251 g of KBr, filled with KBr (d=1.063) 




this step, the upper part was transferred to a new tube, and after filling the tube with 
KBr (d=1.21) another centrifugation step in the ultracentrifuge for 24h was performed 
(T865 rotor, 50´000 rpm; 4°C). The last step was repeated again, and after this 
centrifugation step the upper part was collected and concentrated using an Ultracel 30K 
(Millipore, Darmstadt, Germany). The concentrate was washed several time using 
Krebs- Henseleit buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.25 mM 
CaCl2, 1.2 mM KH2PO4, 25 mM NaHCO3, 11 mM glucose, pH 7.2) and stored at 4°C 
after sterile filtration until used in the cell culture experiments. Quality of isolated HDL 
was evaluated by polyacrylamid gel electrophoresis followed by coomassie blue 
staining.  
Measurement of endothelial cell NO production by ESR spectroscopy 
The effects of HDL (50 μg/ml; 60 min, 37°C) on endothelial NO production (HAECs; 
passage 4-7; Cambrex Bio Science) was examined by electron spin resonance (ESR) 
spectroscopy using the spin-probe colloid Fe(DETC)2 (Noxygen), as described and 
validated previously. ESR spectra of samples frozen in liquid nitrogen were recorded on 
a Bruker e-scan spectrometer (Bruker BioSpin) with the following instrumental settings: 
center field (B0) 3455 G, sweep width 80 G, microwave power 39.72 db, amplitude 
modulation 10.34 G, sweep time 10.49 sec, number of scans 10. 
Measurement of PON1 activity 
Paraoxonase activitiy of HDL-associated paraoxonase was measured by 
spectrophotometry in a 96-well plate format using paraoxon (Sigma-Aldrich, 
Taufkirchen, Germany) as substrates, as previously described 3. For paraoxonase 
activity assays, HDL was diluted in reaction mixture containing 10mM Tris 
hydrochloride (pH 8.0), 1 M sodium chloride and 2 mM calcium chloride. The reaction 
was initiated by addition of 1.5 mM paraoxon and the increase in absorbance at 405nm 
due to the generation of para-nitrophenol was recorded. An extinction coefficient of 
17.000 M-1 • cm-1 (at 24°C) was used for calculating units of paraoxonase activity, 
which are expressed as the amount of paranitrophenol produced in nanomoles per 
minute per milligram of HDL. Paraoxonase activity assays for each sample were 
performed in triplicates and average measurements of enzyme activity were calculated 
for each sample. Each 96-well plate included blank samples to monitor spontaneous 





Nano LC-MS/MS analysis 
The proteome of isolated HDL particles from 7 NYHA-IIIb patients and 8 healthy 
controls before and after an ET program were investigated by shotgun LC-MS/MS. In 
total, 4 μg of protein lysates were reduced (2.5 mM DTT for 1 h at 60°C) and alkylated 
(10 mM iodacetamide for 30 min at 37°C). Proteolysis was performed overnight using 
trypsin (Promega, Madison, WI) with a ratio of 1:25 at 37°C. The tryptic digestion was 
stopped by adding acetic acid at the final concentration of 1%, followed by desalting 
and purification using ZipTip-μC18 tips (Millipore, Billerica, MA). Proteolytically 
cleaved peptides (500 ng) were, prior to mass spectrometric analyses, enriched on a 2 
cm Acclaim PepMap100-precolumn (C18 2 μm, 100 Å) and then separated by reverse 
phase nano HPLC on a 15 cm Acclaim PepMap RSLC-column (C18 2 μm, 100 Å) 
using an Dionex UltiMate 3000 RSLCnano system (Thermo Scientific, Waltham, MA) 
at a constant flow rate of 300 nL/min. Separation was achieved using a linear gradient 
of 60 min (2%-25%) with 0.1% acetic acid, 2% acetonitrile in water (solvent A) and 
0.1% acetic acid in 100% acetonitrile (solvent B). Separated peptides were monitored 
using a QExactive mass spectrometer (Thermo Scientific) equipped with a TriVersa 
NanoMate ion source (Advion BioSystems, Ithaca, NY). The MS-instrument was 
operated in data-dependent acquisition (DDA) mode. MS settings were as follow: 
survey full-scan spectra were acquired with a resolution R = 70,000, automated gain 
control (AGC) target was set to 3e6 ions, the maximum injection time was set to 250 
ms. MS/MS scan events were repeated for top 10 peaks using the higher energy 
dissociation mode (HCD) at normalized collision induced energy of 27.5%, underfill 
ratio (5%) with an intensity threshold of 8.3e4 ions was selected. Already targeted ions 
for MS/MS were dynamically excluded for 30 s with monoisotopic precursor selection 
enabled. Raw data from the Q Exactive instrument was processed using the Refiner MS 
7.5 and Analyst 7.5 module (Genedata, Basel, Switzerland). Refiner MS performed 
peak detection, noise analysis, peak integration, isotope grouping and retention time 
alignment of the LC-MS/MS data. Generated peak lists were searched against a human 
FASTA-formatted database containing 20,268 unique entries 
(human_uniprot_swissprot_2011_10.fasta) using an in-house Mascot server v2.3.2 
(Matrix Science, London, GB). Database searches were performed with 




variable modification. Enzyme specificity was selected to trypsin with up to two missed 
cleavages allowed using 10 ppm peptide ion tolerance and 20 mmu MS/MS tolerance. 
Only ranked one peptide hits and a Mascot ion score >23 were considered as identified. 
After peak annotation, the data were further processed in Analyst 7.5, where statistical 
data evaluation was performed using univariate and multivariate methods. Paired 
sample T-Test and parametric T-test were used for group comparison. A value of 
p<0.05 was considered as statistically significant. A Principal Components analysis 
(PCA) was applied as classical means of dimensionality reduction and visualization of 
multivariate data. Proteins were functionally assigned to canonical pathways using 





















































































































































































































































































































































































































































































































































































































































































































































































































Supplementary Table 2: Proteins identified by label free shotgun LC-MS/MS analysis 


























A1AT P01009 Alpha-1-antitrypsin 26 0.141  0.962  0.588  
A2MG P01023 Alpha-2-macroglobulin 3 0.476  0.7  0.977  
ANGT P01019 Angiotensinogen 4 0.009↑ 1.225 0.026↑ 2.106 0.491  
APOA P02647 Apolipoprotein A I 18 0.720  0.244  0.912  
APOA2 P02652 Apolipoprotein A-II 11 0.245  0.049↑ 0.817 0.06  
APOA4 P06727 Apolipoprotein A-IV 14 0.780  0.629  0.063  
APOB P04114 Apolipoprotein B-100 133 0.682  0.513  0.089  
APOC1 P02654 Apolipoprotein C-I 5 0.602  0.728  0.17  
APOC2 P02655 Apolipoprotein C-II 5 0.175  0.877  0.194  
APOC3 P02656 Apolipoprotein C-III 7 0.767  0.253  0.233  
APOC4 P55056 Apolipoprotein C-IV 7 0.701  0.39  0.302  
APOD P05090 Apolipoprotein D 8 0.276  0.469  0.324  
APOE P02649 Apolipoprotein E 20 0.373  0.501  0.346  
APOF Q13790 Apolipoprotein F 4 0.152  0.478  0.032↑ 1.357 
APOL1 O14791 Apolipoprotein L1 12 0.493  0.163  0.457  
APOM O95445 Apolipoprotein M 7 0.076  0.13  0.491  
CAMP P49913 Cathelicidin antimicrobial peptide 3 0.822  0.073  0.588  
CLUS P10909 Clusterin 6 0.108  0.066  0.016↑ 0.691 
CO3 P01024 Complement C3 11 0.215  0.677  0.678  




binding protein 2 2   0.814  0.758  
IC1 P05155 Plasma protease C1 inhibitor 3 0.958  0.065  0.823  
IGKC1 P01834 Ig kappa chain C region 2   0.583  0.83  
IHH2 Q14623 Indian hedgehog protein 2 0.778  0.237  0.859  
ITIH4 B7ZKJ8 Inter-alpha-trypsin inhibitor heavy chain H4 4 0.01↑ 3.699 0.913  0.861  
K1C9 P35527 Keratin. type I cytoskeletal 9 6 0.622  0.355  0.866  
PCYOX Q9UHG3 Prenylcysteine oxidase 1 11 0.917  0.668  0.002↑ 0.655 
PLTP P55058 Phospholipid transfer protein 5 0.652  0.063  0.032↑ 0.982 
PON1 P27169 Paraoxonase/arylesterase 1 6 0.396  0.955  0.96  
PON3 Q15166 Paraoxonase/lactonase 3 6 0.098  0.772  0.963  
AMPN P15144 Aminopeptidase N 3 0.128  0.542  0.008↑ 2.620 





2 0.823  0.265  0.623  




5.3.3 HDL-Proteom- und Funktionsanalysen nach Roux-Y-Magenbypass im 
Kindes- und Jugendalter 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 221-229): 
Matsuo Y, Oberbach A (geteilte Erstautorenschaft), Till H, Inge TH, Wabitsch M, 
Moss A, Jehmlich N, Völker U, Müller U, Siegfried W, Kanesawa N, Kurabayashi M, 
Schuler G, Linke A, Adams V. 
Impaired HDL Function in Obese Adolescent: Impact of Lifestyle Intervention and 
Bariatric Surgery. 
Obesity (2013) 21, E687–E695.  
 
Einleitung und wissenschaftlicher Hintergrund: Die Adipositas im Kindes- und 
Jugendalter stellt die Wissenschaftslandschaft vor besondere Herausforderungen. Aus 
Langzeitbeobachtungsstudien im Erwachsenenalter konnte der Zusammenhang 
zwischen Adipositas und kardiovaskulären Ereignissen wie Herzinfarkt oder 
Schlaganfall eindeutig bestätigt werden. Im Kindes- und Jugendalter benötigt man 
jedoch Surrogat-Parameter wie die HDL-Funktion, um das Risiko für Herz-Kreislauf-
Erkrankungen nachhaltig abschätzen zu können. Das Lipoprotein HDL regelt 
insbesondere die Endothelfunktion via Stimulation der Stickstoffmonoxid-Freisetzung. 
Die Literatur gibt Hinweise, dass die endotheliale Funktion bei übergewichtigen 
Kindern und Jugendlichen deutlich beeinträchtigt ist und dass Lebensstil-Interventionen 
(LI) wiederum die Endothelfunktion verbessernt.  
Ziel: In einer prospektiven Kohorten-Studie wurde die HDL-Funktion bei 
übergewichtigen Jugendlichen nach einer LI bzw. einer Roux-en-Y-Magenbypass-
Operation (RYGB) beurteilt. In weiterführenden Untersuchungen wurde das HDL-
Proteom zur Beurteilung der metabolischen Anpassungsprozesse nach Gewichtsverlust 
untersucht. 
Design und Methoden: HDL wurde aus 14 Jugendlichen mit normalem Body-Mass-
Index (HDLhealthy) sowie 10 übergewichtigen Jugendlichen (HDLobese) vor und nach 6 
Monaten LI isoliert und sowohl das Proteom als auch die Funktion untersucht. In einer 
zusätzlichen Kohorte wurden die HDL-Partikel von 5 übergewichtigen Jugendlichen 
vor und ein Jahr nach RYGB einem vergleichbaren Diagnostikprotokoll unterzogen. 
Die HDL-vermittelte Phosphorylierung von eNOS-Ser1177, eNOS-Thr495 und PKC-SSII 
wurde quantitativ mittels Western-Blot-Analyse bewertet. Zusätzlich erfolgte die 
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Bestimmung des HDL-Proteombesatzes mittels Shotgun LC-MS/MS auf der LTQ-
Orbitrap Velos (Thermo Scientific). Ein parametrischer T-Test wurde für den Gruppen-
vergleich verwendet. Ein Wert von p<0,05 wurde als statistisch signifikant betrachtet. 
Eine Hauptkomponentenanalyse (PCA) wurde als klassische Methode der 
Dimensionsreduktion und Visualisierung von multivariaten Daten angewendet. Die 
Proteine wurden funktionell mittels Gene Ontology Annotation mit ProteinCenter 
(Thermo Fisher Scientific) zugeordnet. 
Ergebnisse: Die Prüfung der HDL-Funktion zeigte, dass die HDLobese-vermittelte 
eNOS-Ser1177 Phosphorylierung signifikant vermindert wurde, während der Grad der 
Phosphorylierung von eNOS-Thr495 (Indikator für Inhibition) im Vergleich zu 
HDLhealthy statistisch relevant erhöht ist. Es konnten keine Auswirkungen von 
Adipositas auf die PKC-SSII Phosphorylierung beobachtet werden. Nach 6 Monaten 
post-Intervention hatte sowohl LI als auch RYGB keinen Einfluss auf HDL-vermittelte 
Phosphorylierung von eNOS und PKC-SSII. Die Untersuchung des HDL-Proteoms 
zeigte insgesamt 123 Proteine aus 452 Peptiden. Auf 1-Peptid-Ebene konnten 98 
Proteine und auf 2-Peptid-Ebene 34 Proteine identifiziert werden. Die Quantifizierung 
der 34 Proteine erfolgte durch die Bestimmung der Peptidintensitäten als ein Indikator 
für die Proteinmenge. Der Vergleich der identifizierten Proteine mit den bis dato 
bekannten HDL-assoziierten Proteinen offenbarte bisher nicht zugeordnete Proteine wie 
das Indian-Hedgehog-Protein (IHH) und das Fibroblasten-Wachstumsfaktor-
Bindungsprotein 2 (FGFP2). Eine Hauptkomponentenanalyse trennte das Proteom der 
Kontrollgruppe statistisch relevant von dem Proteom der Patienten mit Adipositas, 
während die Interventionen keinen wesentlichen Einfluss auf das HDL-Proteom-Muster 
ausüben. Zu berücksichtigen ist jedoch, dass lediglich die 34 Proteine in die 
Berechnung der Hauptkomponentenanalyse eingegangen sind. Weitere Analysen 
einzelner Proteine ergaben, dass die Proteine des Komplementsystems C9 (C9) in 
Adipösen signifikant verringert und Angiotensinogen (AGT) signifikant erhöht sind. 
Die Proteine Apolipoprotein F, AGT, Clusterin, prenylcysteine Oxidase 1, Phospholipid 
Transfer Protein und Aminopeptidase N sind nach LI oder RYGB signifikant erhöht. 
Insbesondere der Gewichtsverlust nach RYGB ist am stärksten mit einer Änderung des 
HDL-Profils assoziiert. 
Zusammenfassung: Die Ergebnisse der Untersuchung belegen, dass die HDL-Funktion 
von übergewichtigen Jugendlichen signifikant gegenüber Normalgewichtigen 
beeinträchtigt ist und in einem Zeitraum von 6 Monaten trotz deutlichem 
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Gewichtsverlust eine LI oder RYGB diese Dysfunktion nicht beeinflussen kann. In der 
Beurteilung der Ergebnisse muss jedoch berücksichtigt werden, dass die 
Heranwachsenden in dem Untersuchungszeitraum noch nicht Normalgewichtig waren 
und offensichtlich die anfängliche Gewichtsreduktion nicht mit einer verbesserten 
HDL-Funktion im Hinblick auf NO-Freisetzung korreliert. Es gilt zu prüfen, ob andere 
HDL-assoziierte Funktionen wie reverser Cholesterin-Transport (Abbildung 11) oder 
HDL-vermittelter Radikale-Stoffwechsel sich unter dem Einfluss einer 
gewichtsreduzierenden Therapie verändern. Die Bestimmung des HDL-Proteoms führte 
zur Identifikation neuer HDL-assoziierter Proteine und zeigte zusätzlich, dass die 
Abundanz des zentralen HDL-Proteoms (34 Proteine) sich nicht wesentlich durch eine 
Gewichtsreduktion ändert. Vielmehr zeigen sich individuelle Änderungen des HDL-
Proteoms mit einer hohen biologischen Varianz. 
 
  
Impaired HDL Function in Obese Adolescents: Impact of
Lifestyle Intervention and Bariatric Surgery
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Axel Linke1 and Volker Adams1
Objective: HDL regulates endothelial function via stimulation of nitric oxide production. It is documented
that endothelial function is impaired in obese adolescents, and improved by lifestyle interventions (LI).
Design and Methods: HDL function in obese adolescents and the impact of LI or Roux-en-Y gastric
bypass surgery (RYGB) was assessed. HDL was isolated from 14 adolescents with normal body mass
index (HDLcontrol), 10 obese (HDLobese) before and after 6 month LI, and five severe obese adolescents
before and one year after RYGB. HDL-mediated phosphorylation of endothelial nitric oxide synthase
(eNOS)-Ser1177, eNOS-Thr495, and PKC-ßII was evaluated. In addition the HDL proteome was analyzed.
Results: HDLobese-mediated eNOS-Ser
1177 phosphorylation was reduced, whereas eNOS-Thr495 phos-
phorylation increased significantly when compared to HDLcontrol. No impact of obesity was observed on
PKC-ßII phosphorylation. LI and RYGB had no impact on HDL-mediated phosphorylation of eNOS and
PKC-ßII. A principle component plot analysis of the HDL particle separated controls and severe obese,
whereas the interventions did not trigger sufficient differences to the HDL proteome to permit distinction.
Conclusion: These results demonstrated that HDL-function is impaired in obese adolescents, and that LI
or RYGB did not correct this dysfunction. This might be an argument for developing earlier prevention
strategies in obese adolescents to avoid HDL dysfunction.
Obesity (2013) 21, E687–E695. doi:10.1002/oby.20538
Introduction
The prevalence of pediatric obesity, defined as a body mass index
(BMI) !95th percentile corrected for age and sex is rising at an
alarming rate over the past three decades. Currently, 13% to 33% ado-
lescents are obese worldwide (1). Obesity is closely related with mul-
tiple diseases such as type two diabetes mellitus, hypertension, dyslipi-
demia, sleep disordered breathing, and fatty liver (2). Furthermore,
childhood obesity is a predictor of an increased risk of cardiovascular
disease (CVD) and its mortality (3-5). Endothelial dysfunction is an
early sign of atherosclerosis and the indicator of a worsened prognosis
(6). An abnormality in endothelium-dependent vasodilatation is one of
the most important changes in the early subclinical stage of athero-
sclerotic disease [reviewed in (7)]. An important factor responsible for
endothelium-dependent vasodilatation is the bioavailability of nitric
oxide (NO).
High-density lipoprotein (HDL) levels above 40-60 mg/dl have been
proposed as strong independent predictor of lower CVD risk
[reviewed in (8)]. Besides promotion of reverse cholesterol transport,
HDL has been found to exert important anti-atherogenic effects by
stimulation of endothelial cell NO production and endothelial repair
as well as anti-inflammatory and anti-oxidant effects (9-13). In
recent studies it became evident that the functional properties of
HDL with respect to stimulation of NO production are significantly
impaired in patients with diabetes (14), CVD (15), and primary
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antiphospholipid syndrome (16). Mechanistically it is proposed that
endothelial nitric oxide synthase (eNOS)-dependent NO production
is activated by phosphorylation of eNOS at position Ser1177.
Besides, this pathway is deactivated by phosphorylation of eNOS at
position Thr495 and activation of PKC-ßII (17). Based on these find-
ings on the functional importance of HDL in influencing endothelial
function, the therapeutic approach targeting HDL is beginning to
shift towards improving HDL function rather than just increasing its
concentration [reviewed in (17)].
To critically assess the relation between pediatric obesity and HDL
function, and the impact of different treatment modalities, we isolated
HDL from normal body weight (BW) and obese adolescents before
and after intervention [lifestyle intervention (LI) or Roux-en-Y gastric
bypass (RYGB) surgery], and determined its ability to stimulate
eNOS activation. In addition a proteome approach was used to ana-
lyze the composition of the HDL particles in the different groups.
Methods
Patient population and blood sampling
A total of 29 adolescents (age of 12-19) were included into this
study. A healthy (no visible signs of any illness and no history of
chronic disease) control group (n 5 14) with normal BW(, BMI
<89th percentile) for age and gender, was randomly selected as con-
trol group from our previously described cohort (University of Leip-
zig) (18).
Fifteen severely obese adolescents (BMI !99th percentile) were
either treated by a LI program (n 5 10, Obesity Center INSULA,
Germany) or by RYGB treatment (n 5 5 Cincinnati Children’s Hos-
pital Medical Center, Cincinnati, OH, USA) (Figure 1). Measure-
ments of the intervention groups were performed at baseline and
after 6 month (LI) or one year (RYGB group) follow-up. Written
informed consent was obtained from all subjects and/or from a legal
representative before initiation of any study-related activities.
Lifestyle intervention program
Ten severely obese adolescents enrolled in a weight reduction pro-
gram conducted by the Obesity Rehabilitation Center INSULA
(Berchtesgaden, Germany). The INSULA center is a specialized
clinic to treat obese children and adolescents with a focus on
solution-orientated psychotherapy with behavior therapy, exercise
training (ET), dietetic treatment as well as an extensive clinical
diagnosis and therapy of obesity associated diseases. Special goals
are long-term modification of physical activity, leisure time, and
dietary behavior. In addition an adventure educational approach was
used during which patients engaged in group activities such as water
rafting or other physical activities in order to increase self-
confidence. Usually patients stayed for 6 months in the INSULA
center. During the stay at the clinic approximately 1700 kcal were
delivered daily. Besides background information about healthy foods
conveyed to the patients in educational sessions, patients participated
in practical courses in the in-house teaching kitchen. The ET con-
sists of regular strength and endurance training (at least four times
per week) for the whole therapy duration. Discussion with parents
was held with staffs of all therapeutic areas to prevent relapse into
old behavior pattern.
Laparoscopic RYGB
Five adolescents underwent a laparoscopic RYGB for severe obesity
at the Division of Pediatric General/Thoracic Surgery—Weight loss
program for Teens, Cincinnati Children’s Hospital Medical Center
(Cincinnati, OH, USA). All patients met established criteria for can-
didacy for bariatric surgery (19). These five subjects were enrolled
in the National Institutes of Health sponsored “Adolescent Gastric
Bypass and Diabetic Precursors” study (NIH R03DK068228; proto-
col # 05-05-14 approved by CCHMC Institutional Review Board
[IRB]).
Anthropometry and laboratory testing
Anthropometric assessments and laboratory testing procedures are
described in detail in the supplementary material.
Isolation of HDL
HDL was isolated from serum obtained from normal BW controls
(HDLcontrol), obese adolescents before and after LI (HDLLI-pre,
HDLLI-post) and obese adolescents before and after the RYGB
(HDLRYGB-pre, HDLRYGB-post) by sequential density ultracentrifuga-
tion (d 5 1.006-1.21 g/ml) as recently described in detail (14,15).
Quality of isolated HDL was evaluated by polyacrylamide gel elec-
trophoresis followed by coomassie brilliant blue staining.
Cell culture and incubation with isolated HDL
Human aortic endothelial cells (HAEC, Cell Systems Biotechnology,
Troisdorf, Germany) were cultured in EGM-2 cell culture medium
(Lonza, Walkersville MD, USA) until 80-90% confluence. HAECs
were incubated for 5, 10, 15, 30, or 60 min with 50 mg/ml isolated
HDL. Thereafter, HAECs were harvested with ice cold lysis buffer
(50 mmol/l Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mmol/l NaCl, 1 mmol/l EDTA, 0.1% Triton X-100, 0.2% SDS)
containing protease inhibitor mix M (Serva, Heidelberg, Germany)
as well as phosphatase inhibitors (Phosphatase inhibitor mix II,
Serva, Heidelberg, Germany). Protein concentration was determined
using BSA as standard (BCA method, Pierce, Rockford IL, USA).
Western blot analysis
Ten microgram of total protein was separated on a denaturing poly-
acrylamide gel and transferred to a polyvinylidene difluoride
FIGURE 1 Flow chart of the study protocol. LI, lifestyle intervention; RYGB,
Roux-en-Y gastric bypass.
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(PVDF) membrane. To detect specific proteins the following anti-
bodies were applied: antitotal eNOS (Santa Cruz, Heidelberg, Ger-
many, 1:200 dilution, 2 h at room temperature), anti-phospho-eNOS-
Ser1177, anti-phospho-eNOS-Thr495 (both BD Bioscience, Heidel-
berg, Germany; 1:2000 dilution, 4"C over night), anti-apolipoprotein
A1 (Abcam, Cambridge, UK, 1:10,000 dilution, 1 h at room temper-
ature), antitotal PKC-ßII, anti-phospho PKC-ßII-Ser660, anti-
angiotensinogen (all Santa Cruz, Heidelberg, Germany, 1:200 dilu-
tion, 4"C over night). After incubation with a horseradish
peroxidase-conjugated secondary antibody (Santa Cruz, Heidelberg,
Germany, 1:200 dilution, 1 h at room temperature), specific bands
were visualized by enzymatic chemiluminescence (Super Signal
West Pico, Pierce, Bonn, Germany). Band intensity was quantified
by densitometry using a 1D scan software package (Scanalytics,
Rockville, USA). All samples were analyzed in triplicate. For the
evaluation of HDL-induced phosphorylation of eNOS the maximal
stimulation of eNOS irrespective of the time point of recording was
used.
Proteome analysis of isolated HDL particles
The proteome of HDL particles was investigated by shotgun LC-
MS/MS (LTQ Orbitrap Velos mass spectrometry) in five randomly
selected adolescents from each group—control, severe obese (RYGB
group), LI pre and post, RYGB pre and post. For detailed descrip-
tion see supplementary material.
Statistical analysis
SPSS version 16.0 (SPSS, Chicago, Ill) was used for all statistical
analyses. Data are expressed as mean 6 SEM. Comparisons among
groups were tested with ANOVA. When data were not normally
distributed or the variance was not equal, the Kruskal-Wallis non-
parametric test was used. A value of P< 0.05 was considered statis-
tically significant. All measurements were made by investigators
blinded for the treatment group.
Results
Patient characteristics and follow-up after
interventions
The baseline values for all individuals included into the study are
depicted in Table 1. The adolescents in the LI program stayed for
an average of 6 month (range 0.48 month to 7.2 month) in the
INSULA center. As expected the control group significantly differed
from obese with respect to BW, BMI, and blood pressure. A lipid
profile measurement revealed no significant difference among the
three groups. LI led to a decrease of BW, BMI, diastolic blood pres-
sure, fasting plasma glucose, and HOMA-IR index (Table 1). The
RYGB group showed a significant decrease in BW, BMI, and systolic
blood pressure. In addition a decrease of the HOMA-IR index and a
significant increase of the HDL concentration was evident (Table 1).
HDL-mediated eNOS phosphorylation and
PKC-ßII phosphorylation in obese adolescents
Incubating HAEC with HDLcontrol the phosphorylation of eNOS at
position Ser1177 was increased 2.92 6 0.45 fold vs. unstimulated
cells. This stimulation of eNOS-Ser1177 phosphorylation was signifi-
cantly lower with HDLobese (1.91 6 0.23 fold vs. unstimulated cells;
P 5 0.046 vs. HDLcontrol) (Figure 2A). Analyzing the eNOS phospho-
rylation at the inhibitory position Thr495, HDLobese stimulated the
phosphorylation at this position to a significantly greater extent than
HDLcontrol (obese: 2.47 6 0.76 fold vs. unstimulated cells; controls:
1.37 6 0.09 fold vs. unstimulated cells; P 5 0.046). (Figure 2B).
Incubation of HAEC with HDLcontrol resulted in a 2.26 6 0.28 fold
increase in PKC-ßII phosphorylation at position Ser660 when compared
to unstimulated cells. This ability to stimulate PKC-ßII phosphoryla-
tion was not significantly different with HDLobese (obese: 2.36 6 0.32
fold vs. unstimulated cells; P 5 NS vs. control) (Figure 2C).
HDL-mediated eNOS phosphorylation and
PKC-ßII phosphorylation—impact of LI and
RYGB
Comparing the functional properties of HDL before and after LI a
trend towards an improvement in phosphorylation of eNOS at posi-
tion Ser1177 was evident (pre: 2.09 6 0.38 fold vs. unstimulated
cells; post: 2.70 6 0.44 fold vs. unstimulated cells; P 5 0.08) (Figure
3A). No impact of the LI was observed with respect to the HDL-
mediated phosphorylation of eNOS at position Thr495 (pre:
1.52 6 0.13fold vs. unstimulated cells; post: 1.53 6 0.12 fold vs.
unstimulated cells; P 5 NS) (Figure 3B) and the phosphorylation of
PKC-ßII (pre: 1.76 6 0.32 vs. post: 1.35 6 0.16 fold vs. unstimulated
cells; P 5 NS) (Figure 3C).
In the RYGB group, the functional properties of HDL did not signif-
icantly improve after the surgery with respect to the phosphorylation
of eNOS at position Ser1177 (pre: 2.81 6 0.46 fold vs. unstimulated
cells; post: 3.93 6 1.27 fold vs. unstimulated cells; P 5 NS), Thr495
(pre: 4.62 6 2.08 fold vs. unstimulated cells; post: 3.64 6 2.39 fold
vs. unstimulated cells; P 5 NS) and PKC-ßII phosphorylation (pre:
3.55 6 0.38 fold vs. unstimulated cells; post: 2.99 6 0.42 fold vs.
unstimulated cells; P 5 NS).
Proteome analysis of isolated HDL particles
Proteome composition of isolated HDL was analyzed by LC-MS/MS
analysis. In total, 123 proteins from 452 unique peptides were iden-
tified using the Mascot algorithm; 98 proteins with at least one pep-
tide per protein and 34 proteins with at least two peptides per
protein were identified. Label-free quantification of 34 proteins was
applied using peptide intensities as indicator for protein abundance
and variability. LC-MS/MS analysis reproducibly identified HDL-
associated proteins with known functions as described elsewhere
(Supporting Information Table 1) (20,21). In addition, we found pro-
tein groups not previously known to reside in HDL particle, such as
Indian hedgehog protein (IHH) and fibroblast growth factor-binding
protein 2 (FGFP2) A principal component analysis plot separated
controls and severe obese adolescents (adolescents from the RYGB
group) (Figure 4A), whereas the interventions did not trigger suffi-
cient differences to the HDL proteome to permit distinction of pro-
teome patterns before (baseline) and after LI or RYGB (Figure 4B).
Proteome analysis revealed that complement component C9 (p-value
<0.016) was significantly decreased in level, whereas angiotensino-
gen was present at significant higher levels in obese adolescents.
Apolipoprotein F, angiotensinogen, clusterin, prenylcysteine oxidase
1, phospholipid transfer protein, and aminopeptidase N displayed
statistically relevant increase in level following LI or RYGB (Sup-
porting Information Table 1). As expected, weight loss following
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RYGB showed a stronger influence on protein levels within HDL
particles (apolipoprotein F, clusterin, prenylcysteine oxidase 1, phos-
pholipid transfer protein, Aminopeptidase N) than LI (angiotensino-
gen, apolipoprotein A-II; Supporting Information Table 1).
Angiotensinogen protein bound to HDL isolated
from obese adolescents
Based on the results obtained from the proteome analysis where
angiotensinogen was found to be significantly incresaed in HDLobese
(P 5 0.009, Supporting Information table 1), we used western blot
analysis to confirm this result. As shown in Figure 5, a significant
greater expression of angiotensinogen by 193% was evident in the
obese group, when compared to lean controls (lean control:
0.082 6 0.007 vs. obese: 0.24 6 0.05 arb. Units; P< 0.05).
Discussion
In recent years it became more evident that not only the quantity
but also the functional capacity of HDL is important for influencing
the risk of CVD, and therefore, strategies have been developed to
increase HDL quantity and function (17). With respect to functional




Pre Post Pre Post
No. 14 10 5
Sex (female/male) 11/3 5/5 2/3
Age (years) 14.3 13.2 13.6 16.5 17.5
(12.6-15.9) (12.0-14.9) (12.4-15.4) (14.4-18.5) (15.4-19.4)
BW (kg) 53,5 92.7a 79.8b 180.3a 105.6b
(40.0-68.4) (71.3-127.4) (62.5-110.9) (127.7-233) (70.2-141)
Height (cm) 158.5 162.8 164.4 174.7 175.3
(140-180) (157-169) (159-169) (163.7-182.2) (163.3-184.5)
BMI (kg/m2) 19.1 34.9a 29.4b 59,2a 34,8b
(17.5-20.8) (28.5-43.4) (24.1-39.8) (48,1-70,2) (26,0-42,2)
BMI-SDS 0.16 2,89a 2.25b 4.2a 2.6b
(20.31-0.55) (2.30-3.76) (1.52-3.34) (3.4-5.0) (1.7-3.5)
BMI percentile (%) 56.3 99.6 97.4 >99 >99
(38.0-70.8) (99.0-100.0) (93.0-100)
Systolic BP (mmHg) 102 120a 115a 131a 122b
(80-130) (105-143) (103-126) (124-138) (117-126)
Diastolic BP (mmHg) 61 78a 67b 68 76a
(40-80) (73-85) (56-80) (62-74) (69-83)
Glucose metabolism
FPG (mmol/l) 4.2 4.3 4.2b 4.8 4.4
(3.6-4.9) (3.9-5.0) (3.7-4.6) (4.4-5.2) (4.3-4.6)
FPI (mU/l) 17.6 26.7a 15.8 23.7 12.3
(12.1-31.6) (15.7-36.0) (10.6-22.8) (19.1-29.3) (10.8-14.1)
HOMA-IR 3.3 5.0a 2.9b 5.0a 2.4b
(2.0-5.8) (3.3-6.9) (2.0-4.1) (4.1-6.1) (2.1-2.8)
Lipid metabolism
HDL (mmol/l) 1.3 1.3 1.2 1.1 1.4b
(0.9-1.9) (0.8-1.9) (0.8-1.5) (1.0-1.3) (1.2-1.5)
LDL (mmol/l) 2.5 2.3 2.0 2.5 1.9
(1.3-3.4) (1.1-3.5) (0.6-3.1) (2.1-2.9) (1.5-2.3)
TG (mmol/l) 1.21 1.08 1.12 1.34 0.86
(0.47-2.23) (0.16-2.07) (0.46-1.99) (1.08-1.59) (0.66-1.05)
Data are presented as means and range.
aP< 0.05 vs. lean control
bP<0.05 vs. pre
BW, body weight; BMI, body mass index; BMI-SDS, Body-Mass-Index- Standard-Deviation-Score; BP, blood pressure; FPG, fasting plasma glucose; FPI, fasting plasma
insulin; HDL, high density lipoprotein; LDL, low density lipoprotein; TG, triglyceride;
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properties of HDL in obese adolescents and the impact of a LI or
RYGB, several findings emerge from the present study.
First, the functional capacity of HDL to phosphorylate eNOS at the
activating position Ser1177 in endothelial cells (ECs) is impaired,
whereas phosphorylation of eNOS at the inhibitory position Thr495
in ECs is increased in obese adolescents. Second, LI and RYGB in
obese adolescents did not restore the functional capacity of HDL
following treatment. Third, HDL particles isolated from obese ado-
lescents can be distinguished from those of controls by proteome
analysis, whereas LI and RYGB do not alter the composition of the
HDL particle tremendously. Together, these findings suggest that
obesity has a negative effect on HDL function with respect to eNOS
activation, which cannot be improved at least in severely obese
adolescents by lifestyle modification or RYGB within 6 month to
one year. Based on the results one might envision an “obesity
threshold” above which HDL function is impaired and an interven-
tion strategy has to get below this threshold to achieve improvement
on HDL function. The existence of such a hypothetical threshold
might be an argument to consider an earlier resolute prevention/
intervention for pediatric obesity with respect to CVD prevention.
Obesity and the ability of HDL to phosphorylate
eNOS
Numerous experimental and clinical studies have suggested that the
endothelial production of NO is critical for the regulation of vascu-
lar tone and structure (22). Therefore, eNOS-derived NO is a crucial
FIGURE 2 Human aortic endothelial cells were incubated with HDL isolated from controls (n 5 14) and obese adoles-
cents (n 5 15) and the phosphorylation of eNOS at position Ser1177 (A), and Thr495 (b) as well as the phosphorylation
of PKC-ßII (C) was quantified. For quantitative analysis the x-fold increase in HDL-induced phosphorylation (maximal
stimulation irrespective of time point) vs. untreated cells was determined. Values are expressed as mean 6 SEM. Rep-
resentative western blots are shown on the right side. The incubation time in minutes (min) of the cells with the isolated
HDL is depicted on top of the blots.
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determinant of vascular homeostasis, and reduced bioavailability of
NO plays an important role in the development of endothelial dys-
function, a primary sign of the early stages of atherosclerosis (23).
In recent years it became more evident that obese adolescents
exhibit endothelial dysfunction, similar to patients with CVD
(24,25). Different mechanisms linking obesity and endothelial dys-
function like low-grade inflammation and increased oxidative stress
[reviewed in (26)] or increased adipokines (27) have been postu-
lated. In the present study we focused for the first time on HDL
functional capacity to modulate NO production via eNOS phospho-
rylation and documented that the capacity of HDL isolated from
obese adolescents to activate eNOS is significantly impaired
(increased phosphorylation at position Thr495 and reduced phospho-
rylation at position Ser1177). This result is in good agreement with
the findings in other atherosclerotic disorders like primary antiphos-
pholipid syndrome (16), diabetes mellitus (14), and CVD (15) in
adults. In summary, despite no significant change in HDL concentra-
tion (probably because of the small sample size), a significant
impact of obesity on HDL-mediated activation of eNOS via phos-
phorylation of the enzyme could be noted.
Impact of LI and RYGB on HDL function in obese
adolescents
LI including ET is an accepted strategy in pediatric obesity (28).
However, the success rate of LI on weight loss is insufficient. Only
a limited number of individuals succeeded in maintaining substantial
weight loss over time (29). Pediatric obesity specialists agree that
adolescents with comorbidities of obesity, who have been unsuccess-
ful in attaining a healthy BW by those conservative strategies,
should be considered for bariatric surgery (19,30), the most defini-
tive intervention of weight loss treatment by far (31). With respect
to an improvement of endothelial function after a LI or RYGB only
limited data are available. In a study by Roberts and colleagues
(32), a LI program consisting of 2-2.5 hours ET per day plus high-
fiber low-fat diet for two weeks, a significant improvement of
FIGURE 3 Human aortic endothelial cells were incubated with HDL isolated from adolescents before (pre) and
after (post) the lifestyle intervention (LI) as well as before and after RYGB surgery. Phosphorylation of eNOS
at position Ser1177 (A,D) and Thr495 (B,E) as well as phosphorylation of PKC-ßII (C,F) was evaluated. For
quantitative analysis the x-fold increase in HDL-induced phosphorylation vs. untreated cells was determined.
Values are expressed as mean 6 SEM.
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endothelial function because of amelioration of several risk factors
was noted. The impact of RYGB on endothelial function is only
investigated in adults (33), showing an improvement in flow medi-
ated dilatation. Using cultured human ECs and HDLobese isolated
before and after each intervention (LI or RYGB), we were not able
to detect a significant improvement in HDL function, measured as
the capacity to phosphorylate eNOS at Ser1177 and Thr495. As
explanations for this negative effect on HDL function at least two
possible reasons have to be considered. First, the training intensity
performed by the obese adolescents during the LI was not high
enough to achieve a beneficial effect on HDL function. This
assumption is supported by the observation that the applied LI did
not affect the HDL concentration either, which is influenced in
many studies by ET (34,35). In addition Roberts and colleagues
documented an improvement in HDL function with respect its anti-
inflammatory function in obese men performing a LI including a
stringent exercise program (daily treadmill walking for 45-60 min at
70-85% maximal heart rate) (36). Second, LI as well as RYGB let
to a significant weight loss over time, but even after one year the
adolescents are still classified as obese as evident by the BMI per-
centile. Therefore, a possible working hypothesis may be that a cer-
tain threshold in BW has to be reached (below the 95Th BMI-per-
centile) before a significant effect on HDL function can be
achieved. Nevertheless, this threshold hypothesis has to be verified
by further experiments.
Impact of obesity and LI/RYGB on HDL
composition
To determine the effect of obesity and subsequent intervention strat-
egies on the composition of the HDL particle a shotgun proteome
analysis was performed. The main outcome of such an analysis can
be summarized as follows. First, the overall protein signature of
HDLcontrol differs from HDLobese displayed by principal component
analysis (Figure 4A). This difference may contribute to the differ-
ence in HDL functional capacity between control and obese
FIGURE 4 A principal component analysis plot to separate lean controls (black circle) and severe obese adolescents
(grey circle) (A) as well as pre and postlifestyle intervention (black (pre) and grey (post) squares) and RYGB surgery
(black (pre) and grey (post) circles) (B).
FIGURE 5 Quantification of angiotensinogen attached to HDL isolated either from lean controls (control) or obese ado-
lescents (obese) Values (angiotensionogen / apolipoprotein A1) are expressed as mean 6 SEM. Representative western
blots are depicted.
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adolescents. However, at this stage it is not clear which proteins are
responsible for this effect. Second, both interventional strategies eli-
cited different small changes in HDL protein composition, demon-
strating that the LI and RYGB affect the HDL particle in different
ways. In addition the intervention did not result in a change in the
overall signature of HDL thereby supporting the negative effect on
HDL functional capacity to modulate eNOS. Third, at least two for-
merly unknown proteins (Indian hedgehog protein, fibroblast growth
factor-binding protein 2) were detected in HDL particles by the pro-
teome analysis. It is known from the current literature that they may
have an impact on endothelial function. For example, the Indian
hedgehog protein activates pro-angiogenic responses in ECs (37)
and activates hematopoiesis and vasculogenesis (38). Only a few
publications describe the pathophysiological function of fibroblast
growth factor-binding protein 2 related to tumor angiogenesis (39).
Unfortunately both proteins were not altered in level in HDLobese vs.
the control group and interventions did not render the level of the
two proteins. Therefore the relevance of these two new HDL-
associated proteins remains unclear at the moment.
Study limitations
Some limitations of the present study should be mentioned. First,
only small numbers of adolescents were included into each group.
Specially, the RYGB group consisted only of five individuals. Until
now, the RYGB is still a relative rarity in adolescents, and therefore
it is difficult to collect a larger group of samples. Second, the
impact of altered eNOS phosphorylation on NO generation was not
investigated in the present study. However, earlier studies clearly
documented that the phosphorylation elicited by HDL on Ser1177
and Thr495 residues also regulates eNOS activity and subsequent NO
production (14,15). Third, the results presented in the study are
obtained in cell culture experiments using HDL isolated from differ-
ent patient cohorts. Therefore it has to be answered if this modula-
tion of HDL also has an impact on endothelial function in vivo. Pre-
liminary and unpublished results from our laboratory documented
that at least a correlation between HDL-mediated eNOS phosphoryl-
ation and endothelial function exists in adults with CVD. Therefore,
the in vitro measured HDL functional capacity may be an important
parameter for regulation of endothelial function.
Conclusion
In summary, obese adolescents exhibit reduced ability of HDL to
regulate eNOS activity via phosphorylation. Of note not only a LI
but also RYGB does not correct this HDL dysfunction. One possi-
ble explanation may be the threshold hypothesis, meaning that the
weight loss has to reach a certain level, before an intervention is
effective in influencing the altered HDL function. Despite its
definitive and long lasting effectiveness, RYGB is a strategy
reserved only for severe obese adolescents with secondary disease
at the present time. This result might be an argument for develop-
ing better prevention strategies to avoid severe obesity in
adolescents.O
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Anthropometric parameters 
Body height was measured by the digital stadiometer “Dr. Keller III” (Günter GmbH, 
Tauscha, Germany; precision ± 2mm). Body weight was determined by a digital scale 
(SECA£-scale, Vogel & Halke GmbH, Hamburg, Germany or BF 18; Beurer, Ulm, 
Germany; both precision ± 100g). Body mass index (BMI) has been calculated by the 
formula: weight in kilograms divided by the square of height in meters. BMI SD scores 
(SDS: individual BMI value reference mean BMI value divided by SD to scale the data 
for comparison across ages and sex) were calculated and used for further analyses for 
all participants. Children over the 90th, 97th and 99.8th BMI percentiles were 
considered to be overweight, obese and extreme obese, respectively, according to the 
actual reference values by the Arbeitsgemeinschaft Adipositas im Kindes und 
Jugendalter. The excess weight loss (EWL) was calculated by:  
EWL (%) = ((baseline BW – one year post BW)* 100) / (baseline BW - expected BW 
(89. percentile; one year post treatment)). 
Blood pressure 
The evaluation of blood pressure (BP) was performed by three separate measurements 
with subjects in a lying position, measured using the upper right arm, via an automated 
sphygmomanometer and different sized cuffs. The interpretation of BP values was 
based on the recommendations of the National High Blood Pressure Education Program 
Working Group on high blood pressure in children and adolescents. Diastolic and/or 
systolic BP exceeding the 90th percentile for age, gender, and height was considered as 





In order to define glucose tolerance in participating subjects, an oral glucose tolerance 
test (OGTT) was performed according to the actual guidelines of the WHO. 
Hyperinsulinemia (HI) was defined as a fasting insulin (FI) ≥104.18 pmol/L, or insulin 
during the OGTT test ≥1041.8 pmol/L, and/or ≥520.88 pmol/L at 2 h following the start 
of the OGTT. Insulin resistance was evaluated applying the homeostasis model 
assessment (HOMA) and defined as HOMA >2.7 (HOMA-IR). Scores were calculated 
as the product of the fasting serum insulin level (mU/l) and the fasting serum glucose 
level (mmol/l), divided by 22.5. 
 
Sample collection and Laboratory data 
Twelve milliliters of blood was collected into EDTA-containing tubes by venipuncture. 
All blood samples were collected between 8:00 and 10:00 a.m. after an overnight fast, 
for estimation of serum concentrations of glucose, LDL, HDL, triglycerides (TG). 
Fasting plasma glucose was analyzed by the glucose oxidase method (Glucose Assay 
Kit II, BioVision, Mountain View, CA, USA). Analysis of HDL, LDL, and TG were 
determined by the Integra 700 Analyzer (Roche Diagnostic, Hoffmann–La Roche, Ltd, 
Basel, Switzerland) using the standard enzymatic method from the Biochemical 
Laboratory. All ELISAs and activity assays were performed after manufactory 
introductions. Technicians were blinded for group assignments. 
Proteome analysis of isolated HDL 
The proteome of HDL particles were investigated by shotgun LC-MS/MS proteomics 
approach. In total, 4 µg of protein lysates were diluted with 20 mM ammonium 
bicarbonate (ABC) to a final concentration of less than 1 M urea. Samples were reduced 
(2.5 mM DTT for 1 h at 60°C) and alkylated (10 mM iodacetamide for 30 min at 37°C). 
Proteolysis was performed overnight using trypsin (Promega, Madison, WI) with a ratio 
of 1:25 at 37°C. The tryptic digestion was stopped by adding acetic acid at the final 
concentration of 1%, followed by desalting and purification using ZipTip-µC18 tips 
(Millipore, Billerica, MA). 
Proteolytically cleaved peptides (400 ng) were separated prior to mass spectrometric 
analyses by reverse phase nano HPLC on a 15 cm Acclaim PepMap100-column (C18 3 
µm, 100 Å) using an EASY-nLC Proxeon system (Thermo Scientific, Waltham, MA) or 
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Acquity UPLC (Waters, Milford, MA) at a constant flow rate of 300 nL/min. Separation 
was achieved using a non-linear gradient of 70 min with 0.1% acetic acid, 2% 
acetonitrile in water (solvent A) and 0.1% acetic acid in 100% acetonitrile (solvent B). 
Separated peptides were monitored using an LTQ-Orbitrap Velos mass spectrometer 
(Thermo Scientific) equipped with a nanoelectrospray ion source. The MS-instrument 
was operated in data-dependent acquisition (DDA) mode. Survey full-scan MS spectra 
were acquired with resolution R = 30,000 at m/z 400. MS/MS scan events were 
repeated for top 20 peaks using the collision induced dissociation mode (CID) at 
normalized collision induced energy of 35%, activation time of 100 ms, minimum of 
ion signal threshold for MS/MS of 2,000 counts. Already targeted ions for MS/MS were 
dynamically excluded for 60 s with monoisotopic precursor selection enabled. Raw data 
from the LTQ Orbitrap Velos instrument was processed using the Refiner MS 7.5 and 
Analyst 7.5 module (Genedata, Basel, Switzerland). Refiner MS performed peak 
detection, noise analysis, peak integration, isotope grouping and retention time 
alignment of the LC-MS/MS data. Generated peak lists were searched against a human 
FASTA-formatted database containing 20,268 unique entries 
(human_uniprot_swissprot_2011_10.fasta) using an in-house Mascot server 2.3.2 
(Matrix Science, London, GB). Database searches were performed with 
carbamidomethyl (C) as fixed modification and oxidation (M) as variable modification. 
Enzyme specificity was selected to trypsin with up to two missed cleavages allowed 
using 10 p.p.m. peptide ion tolerance and 0.5 Da MS/MS tolerance. Only ranked one 
peptide hits and a Mascot ion score >23 were considered as identified. After peak 
annotation, the data were further processed in Analyst 7.5, where statistical data 
evaluation was performed using univariate and multivariate methods. The parametric T-
test was used for group comparison. A value of p<0.05 was considered as statistically 
significant. A Principal Components analysis (PCA) was applied as classical means of 
dimensionality reduction and visualization of multivariate data. Proteins were 







Supplement Table 1: Identified proteins by using LC-MS/MS  






























A1AT P01009 Alpha-1-antitrypsin 26 0.141  0.962  0.588  
A2MG P01023 Alpha-2-macroglobulin 3 0.476  0.7  0.977  
ANGT P01019 Angiotensinogen 4 0.009↑ 1.225 0.026↑ 2.106 0.491  
APOA P02647 Apolipoprotein A I 18 0.720  0.244  0.912  
APOA2 P02652 Apolipoprotein A-II 11 0.245  0.049↑ 0.817 0.06  
APOA4 P06727 Apolipoprotein A-IV 14 0.780  0.629  0.063  
APOB P04114 Apolipoprotein B-100 133 0.682  0.513  0.089  
APOC1 P02654 Apolipoprotein C-I 5 0.602  0.728  0.17  
APOC2 P02655 Apolipoprotein C-II 5 0.175  0.877  0.194  
APOC3 P02656 Apolipoprotein C-III 7 0.767  0.253  0.233  
APOC4 P55056 Apolipoprotein C-IV 7 0.701  0.39  0.302  
APOD P05090 Apolipoprotein D 8 0.276  0.469  0.324  
APOE P02649 Apolipoprotein E 20 0.373  0.501  0.346  
APOF Q13790 Apolipoprotein F 4 0.152  0.478  0.032↑ 1.357 
APOL1 O14791 Apolipoprotein L1 12 0.493  0.163  0.457  
APOM O95445 Apolipoprotein M 7 0.076  0.13  0.491  
CAMP P49913 Cathelicidin antimicrobial peptide 3 0.822  0.073  0.588  
CLUS P10909 Clusterin 6 0.108  0.066  0.016↑ 0.691 
CO3 P01024 Complement C3 11 0.215  0.677  0.678  
CO9 P02748 Complement component C9 2 0.016↓ -2.23 0.503  0.757  
FGFP21. 2 Q9BYJ0 Fibroblast growth factor-binding protein 2 2   0.814  0.758  
IC1 P05155 Plasma protease C1 inhibitor 3 0.958  0.065  0.823  
IGKC1 P01834 Ig kappa chain C region 2   0.583  0.83  
IHH2 Q14623 Indian hedgehog protein 2 0.778  0.237  0.859  
ITIH4 B7ZKJ8 Inter-alpha-trypsin inhibitor heavy chain H4 4 0.01↑ 3.699 0.913  0.861  
K1C9 P35527 Keratin. type I cytoskeletal 9 6 0.622  0.355  0.866  
PCYOX Q9UHG3 Prenylcysteine oxidase 1 11 0.917  0.668  0.002↑ 0.655 
PLTP P55058 Phospholipid transfer protein 5 0.652  0.063  0.032↑ 0.982 
PON1 P27169 Serum paraoxonase/arylesterase 1 6 0.396  0.955  0.96  
PON3 Q15166 Serum paraoxonase/lactonase 3 6 0.098  0.772  0.963  
AMPN P15144 Aminopeptidase N 3 0.128  0.542  0.008↑ 2.620 





2 0.823  0.265  0.623  




5.3.4 Shotgun-Proteomik-Ansatz identifiziert HDL als Carrier mikrobieller 
Proteine 
Die Ergebnisse werden veröffentlicht (Anhang 9.1.2): 
Oberbach A, Adams V, Schlichting N, Heinrich M, Kullnick Y, Lehmann S, Lehmann 
S, Feder S, Mohr FW, Völker U, Jehmlich N. 
Proteomics indicates functional variability of HDL particles in CHF patients.  
In preparation for Progress Lip Research December 2014  
 
Einleitung und wissenschaftlicher Hintergrund: In den vorangegangenen 
Untersuchungen wurde das HDL-Proteom durch eine 1D-LC-MS/MS-Analyseplattform 
ermittelt (Adams et al., 2013; Matsuo et al., 2013). Zielstellung des vorliegenden 
Experimentes war es, durch eine verbesserte Vorfraktionierung des Proteoms, die 
qualitative und quantitative Identifikation der HDL-assoziierten Proteine zu erhöhen 
und die Erkenntnisse im Kontext der Herzinsuffizienz zu interpretieren. Die Literatur 
beschreibt eine verminderte HDL-Konzentration im Serum als Hauptrisikofaktor für 
kardiovaskuläre Ereignisse wie Herzinfarkt oder Schlaganfall (Forti und Diament, 
2006), und basierend auf diesen Erkenntnissen wurde das HDL-Cholesterin als 
Surrogatmarker zur Bewertung des kardiometabolischen Syndroms etabliert (Murguía-
Romero et al., 2013). Neben einer Förderung des reversen Cholesterin-Transports 
zeigen die HDL-Partikel eine antiatherogene Wirkungen via Stimulierung der 
endothelialen NO-Synthase mit nachfolgender Aktivierung von NO sowie eine 
Beteiligung an Endothelzellen-Reparaturmechanismen bzw. antientzündliche und 
antioxidative Eigenschaften (Abbildung 11) (Yvan-Charvet et al., 2010). In 
verschiedenen Studien wurde beobachtet, dass die HDL-Funktion bei Patienten mit 
T2DM (Sorrentino et al., 2010) und chronischer Herzinsuffizienz (Adams et al., 2013) 
klinisch relevant beeinträchtigt ist. Alle Bemühungen, die HDL-Konzentration durch 
pharmazeutische Interventionen zu erhöhen, hatten keinen positiven Effekt im Hinblick 
auf eine Risikominderung von Atherosklerose, Plaquelast oder rezidivierende 
kardiovaskulärer Ereignisse (Schwartz et al., 2012). Bis zum heutigen Tag werden die 
molekularen Hintergründe für eine funktionelle Beeinträchtigung der HDL-Partikel 
nicht vollständig verstanden. HDL-Partikel bestehen aus Lipiden wie Cholesterin und 
aus einer hohen Vielfalt von Proteinen (Adams et al., 2013). Während HDL-Cholesterin 
routinemäßig für die Abschätzung der HDL-Konzentration verwendet wird, ist die 
Bedeutung der Proteinlast für die HDL-Funktion noch immer nicht gut charakterisiert 
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(Birner-Gruenberger et al., 2014). Insbesondere die sich schnell entwickelnde 
Proteomik identifizierte eine Reihe neuer Proteine im HDL-Partikel, ohne jedoch die 
Funktion klären zu können (Adams et al., 2013). Die Anzahl der identifizierten Proteine 
variiert von 13 Proteinen unter Anwendung einer zweidimensionalen Gelelektrophorese 
als Proteomik-Plattform (Karlsson et al., 2005) bis hin zu 122 Proteinen unter 
Einbeziehung einer Dichte-Ultrazentrifugation mit einer zweidimensionalen Peptid-
Fraktionierungsanalyseplattform (Mangé et al., 2012). Die Autoren um Shah et al. 
(2013) identifizierten 204 Proteine in menschlichen HDL-Proben, von denen 85 
Proteine in mindestens drei weiteren Studien nachgewiesen wurden (Shah et al., 2013). 
Weiterführende Erkenntnisse belegen, dass viele HDL-Proteine am Zellstoffwechsel, an 
antientzündlichen Prozessen oder an der Akute-Phase-Reaktion beteiligt sind (Hima et 
al., 2011). Aktuelle Studien über die Funktion HDL-assoziierter Proteine legen eine 
Beteiligung an antiapoptotischen Prozessen via Phosphoinositid-3-Kinase/activate 
protein kinase (PI3K/Akt) oder der Induktion von apoptotischen Signalwegen via B-cell 
lymphoma-extra large (Bcl-xL) nahe (Xu et al., 2012; Riwanto et al., 2013). Vor allem 
fortschrittliche Proteom-Analysen von HDL-Partikeln in Kombination mit 
systembiologischen Analysemethoden führten zu einer besseren Abschätzung der HDL-
Funktion und letztlich zu einer besseren Charakterisierung des klinischen Risikoprofils 
von Patienten (Birner-Gruenberger et al., 2014). In einer früheren Studie konnten wir 
zeigen, dass HDL-Stimulation von HAEC, isoliert aus Patienten mit CHF, zu einer 
verminderten NO-Produktion führt und diese HDL-Partikel einen unterschiedlichen 
Proteombesatz aufweisen (Adams et al., 2013).  
Ziel: Der Vergleich des Proteoms menschlicher HDL-Partikel von 5 gesunden und 5 
CHF-Patienten stand im Fokus wissenschaftlichen Interesses. Zur Trennung des HDL-
Proteingemischs wurde ein zweidimensionaler Vorfraktionierungsansatz (SCX-RP) vor 
einer anschließenden massenspektrometrischen Analyse etabliert. Dies erhöhte 
wesentlich die Identifikationsrate der HDL-assoziierten Proteine.  
Methoden: Fünf gesunde Probanden mit normaler systolischer linksventrikulärer 
Funktion (>55%), ohne Anzeichen oder Symptome einer CHF sowie Nachweise einer 
koronaren Herzkrankheit in einer Koronarangiographie, wurden in die Studie 
eingeschlossen. Darüber hinaus wurden 5 CHF-Patienten im Pathologiestadium NYHA-
Klasse-IIIb rekrutiert. Die phänotypische Darstellung der Probanden erfolgte detailliert 
in einer vorhergehenden Publikation (Adams et al., 2013). Das entnommene Serum 
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wurde durch Zentrifugation (10min bei 3000g bei 4°C) von seinen festen Bestandteilen 
getrennt und bei -80°C bis zur weiterführenden Analyse bzw. HDL-Isolation gelagert. 
HDL-Isolation: Das HDL wurde aus gefrorenem Serum von Kontrollen (HDLhealthy) und 
CHF-Patienten (HDLCHF) durch Ultrazentrifugation nach der Dichte (d=1,006 bis 
1,21g/ml) isoliert (Adams et al., 2013; Matsuo et al., 2013). Die Qualität des isolierten 
HDLs wurde durch Polyacrylamid-Gelelektrophorese, gefolgt von Coomassie-Färbung 
als auch durch Western Blotting bewertet (Abbildung 12). 
Zellkultur und Inkubation von HAEC mit isolierten HDL-Partikeln: Menschliche 
Aorten-Endothelzellen (Cell Systems Biotechnology, Troisdorf, Deutschland) wurden 
in EGM-2-Zellkulturmedium (Lonza, Walkersville, MD) von 80% bis 90% Konfluenz 
angezüchtet. Die Zellen wurden mit 50µg/ml isoliertem HDL für 0, 5, 10, 15, 30 bzw. 
60 Minuten inkubiert. Im Anschluss erfolgte die Ernte der Zellen mit eiskaltem 
Lysepuffer (50mmol/L Tris-HCl geerntet; pH 7,4; 1% NP-40; 0,25% Na-Deoxycholat; 
150mmol/L NaCl, 1mmol/L EDTA, 0,1% Triton X-100; 0,2% SDS), inkl. 
Proteaseinhibitor-Mischung M (Serva, Heidelberg, Deutschland) sowie 
Phosphataseinhibitor-Mischung II (Serva). Die Bestimmung der Proteinkonzentration 
erfolgte unter Verwendung von BSA als Standard (BCA-Methode; Pierce, Rockford, 
IL). Die Isolationseffizienz der HDL-Partikel wurde mit den folgenden Antikörpern 
verifiziert: anti-ApoA1, anti-eNOS (jeweils Santa Cruz, Heidelberg, Deutschland, 
1:200-Verdünnung) oder antiphospho-eNOS-Ser1177 und antiphospho-eNOS-Thr495 
(Abbildung 12A-C). 
HDL-Charakterisierung via NMR: Die Verteilung der HDL-Fraktionen wurde durch 
NMR-Spektroskopie analysiert (numares GmbH, Regensburg, Deutschland). Die 
Technologie ist patentiert (US7927878; AU2005250571; DE 10 2004 026 903 B4) 
(Huber et al., 2005, 2011a, 2011b). Die diffusionsgewichteten NMR-Spektren von 
HDL-Partikeln wurden auf einem Bruker 600MHz-Spektrometer Avance IIplus unter 
Verwendung der LipoFIT proprietären Software aufgezeichnet und die Spektralbereiche 







Abbildung 12: HDL-Isolierung und -profilierung: (A-C) Nachweis der HDL- 
Isolierungsverfahren aus menschlichem Serum durch Coomassie-Brilliant-Blue-
Färbung des Polyacrylamid-Gels (A) und spezifische Färbung nach Western Blotting 
auf PVDF-Membran unter Verwendung von anti-HSP70 (B) und anti-Apo A1 
Antikörper (C). Die Bestimmung der HDL-spezifischen Isoformen mittels NMR 
verifizieren unterschiedliche HDL-Partikelgrößen (D). Das isolierte HDL von 
Kontrollpatienten ohne CHF (healthy) und Patienten mit CHF wurde verwendet, um 
kultivierte HAEC mit HDL zu stimulieren. Anschließend erfolgte die Bestimmung der 
eNOS-Phosphorylierung an eNOS-Serin1177 und eNOS-Threonin495 (E). 
 
Proteolytischer Verdau des HDL-Proteoms und massenspektrometrische Analyse: 
Insgesamt wurden 5µg des Proteinextraktes mit 20mM Ammoniumbicarbonat bis zu 
einer Endkonzentration von weniger als 1M Harnstoff verdünnt. Anschließend wurden 
die Proben für 1h bei 60°C reduziert (2,5mM DTT Reinstwasser (Invitrogen, Carlsbad, 
CA, USA), dann für 30min bei 37°C alkyliert (10mM Iodacetamid (Sigma-Aldrich, St. 
Louis, Mo, USA). Die proteolytische Spaltung erfolgte unter Verwendung von Trypsin 
(Promega, Madison, WI, USA) in einem Verhältnis von 1:25 bei 37°C über Nacht. Am 
nächsten Tag wurde die Spaltung durch Zugabe von Essigsäure in einer 
Endkonzentration von 1% gestoppt. Anschließend erfolgte ein Entsalzen der Proben mit 
ZipTip-C18 Spitzen (Millipore) und das Resuspendieren in 0,1% Essigsäure (2% ACN). 
Die Peptidlysate (5µg) wurden auf einen Kationenaustauscher (Strong Cation 
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eXchange, SCX, Poros 10S, 300µm x 10cm, nanoViper, 10µm) mit einer 3000 
RSLCnano HPLC (Thermo Scientific, ehemaliges Dionex, Idstein, Deutschland) 
beladen und in 7 Salzschritten im Bereich von 2mM NaCl bis 500mM NaCl durch 
Injektion von 12µg/L Salzpuffer eluiert. Die Eluate wurden auf einer Vorsäule beladen 
(Acclaim PepMap100, 2cm, 75µm Innendurchmesser, Thermo Scientific) und mit 0,1% 
Essigsäure, 2% ACN (Puffer A) entsalzt. Die Peptidseparation erfolgte mit einer 
Umkehrphasenchromatographie (Acclaim PepMap RSLC, 15 cm, 2 µm C18, Thermo 
Scientific) mit einem binären Puffersystem aus Puffer und 100% ACN in 0,1% 
Essigsäure (Puffer B). Die Peptide wurden mit einem linearen Gradienten von Puffer B 
von 2% bis 25% ACN für 30 Minuten mit einer konstanten Flussrate von 300nl/min 
chromatographisch getrennt. Die Säulen wurden bei einer konstanten Temperatur von 
40°C geführt. Die Analyse erfolgte mit einem Q Exactive Massenspektrometer (Thermo 
Scientific), die über eine TriVersa Nanomate (Advion Biosciences, Norwich, UK) als 
nano-Elektrospray gekoppelt ist. Das MS-Instrument wurde im Data Dependent 
Acquisition (DDA) Modus betrieben. Die MS-Einstellungen waren wie folgt: MS-
Spektren wurden mit einer Auflösung R=70.000 aufgenommen, Automatic Gain 
Control (AGC) wurde mit 3E6 Ionen eingestellt und die maximale Injektionszeit betrug 
250 Millisekunden. Die MS/MS-Spektren wurden für die Top-10-Ionen im Higher 
Energy Collision Dissociation (HCD) Modus von 27,5% durchgeführt. 
Datenanalyse: Die LC-MS/MS-Daten wurden mit Hilfe der Software Proteome 
Discoverer (v1.3.0.339, Thermo Scientific) verarbeitet. Die Daten wurden gegen die 
UniProt-Datenbank unter Verwendung der Sequest- und Mascot-Suchalgorithmen 
verglichen (humane Datenbank, UniProt/SwissProt 12/08, enthält 20.226 
Sequenzeinträge). Die Datenbanksuche erfolgte unter folgenden Einstellungen: Trypsin 
als Spaltungsenzym, bis zu zwei verpasste Spaltstellen, MS-Massentoleranz und 
MS/MS-Massentoleranz wurden auf 10ppm und 20mmu eingestellt. Die Oxidation an 
Methionin und Carbamidomethylierung an Cystein wurden als 
Aminosäuremodifikationen ausgewählt. Nur Peptide mit einer False Discovery Rate 
(FDR) <1% wurden als identifiziert betrachtet. Proteine mit ≥1 identifiziertem Peptid 
wurden anschließend funktionell nach der Gene Ontology (GO) Klassifikationen 
zugeordnet und mit der Software Ingenuity Pathway Analysis (Ingenuity Systems, 
Redwood City, CA, USA) ausgewertet. Die Signifikanz der Proteinabundanzen wurde 
mit einem parametrischem T-Test (p<0,05) durchgeführt. Die statistische Auswertung 
erfolgte unter Anwendung von SPSS-Version 16.0 (SPSS Inc., Chicago, Illinois). Daten 
werden als Mittelwert ± Standardfehler des Mittelwerts (SEM) ausgedrückt. 
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Gruppenvergleiche wurden mit ANOVA getestet und bei Abweichungen von der 
Normalverteilung kam der Kruskal-Wallis-Test zur Anwendung. Zusätzlich wurden die 
gesamten LC-MS/MS-Daten gegen eine bakterielle NCBInr Datenbank (2014/08) mit 
dem Mascot-Suchalgorithmus abgeglichen. Hier wurden nur Peptide als identifiziert 
betrachtet, die eine FDR <1% und einen Mascot Ion Score >50 hatten.  
Ergebnisse: HDL-Isolation und NMR-Profil: Die HDL-Partikel konnten aus 
Humanserum ohne Kontamination isoliert werden (Abbildung 12A-C). Die Färbung mit 
Coomassie Brilliant Blue zeigt eine deutliche Bande im erwarteten Bereich von HDL-
ApoA1, der Hauptproteinkomponente von HDL (Abbildung 12C). Weiterführende 
Untersuchungen ergaben keinen Hinweis auf HSP70, ein Marker für Verunreinigung 
mit Exosomen (Abbildung 12B). Die NMR-Analyse zeigte keine signifikanten 
Unterschiede der HDL-Partikelgröße (Abbildung 12D), jedoch belegt die 
Quantifizierung von HDL-Partikelunterfraktionen signifikant höhere Abundanz von 
HDL [B] und HDL [C] im Vergleich von CHF zu Kontrollen (Abbildung 12D). Um die 
HDL-Funktion zu beurteilen, wurde die HDL-induzierte eNOS-Phosphorylierung 
bestimmt (Abbildung 12E). HDLCHF zeigt eine signifikant verminderte 
Phosphorylierung von eNOS-Ser1177 und eine deutlich erhöhte Phosphorylierung von 
eNOS-Thr495 im Vergleich zu HDLhealthy (Abbildung 12E). 
HDL-Partikelcharakterisierung mittels 2D-nanoLC-MS/MS-Proteomik-Plattform: Die 
Proteomik von HDL-Partikeln (5 HDLhealthy/5 HDLCHF) ergab insgesamt 494 
verschiedene Proteine, repräsentiert durch 2148 Peptide. Insgesamt wurden 118 
Proteine in mindestens 3 von 5 Proben pro Gruppe identifiziert (Abbildung 13A). Die 
Partial Least Square (PLS) Analyse zeigt eine deutliche Trennung des Proteoms beider 
Gruppen mit etwa 60% Variabilität (Abbildung 13B). Abbildung 13C verdeutlicht die 
individuelle Abundanz der 118 HDL-spezifischen Proteine, wobei 49 Proteine in allen 
10 HDL-Partikeln repräsentiert werden, und 49 Proteine in mindestens 3 von 5 Proben. 
Die Liste der identifizierten Peptide und Proteine kann dem Anhang (Kapitel 9.1.2) 
entnommen werden. Der Gruppenvergleich, basierend auf den 69 Proteinen, ergab für 
10 Proteine eine signifikante Änderung der Abundanz in Abhängigkeit des Phänotyps 
(Abbildung 13D). Weiterführende Analysen des HDL-Proteoms zeigten, dass zwei 
Proteine (CCDC93, ITGA2) nur in HDLhealthy und neun Proteine (CSRP2BP, OPTC, 
LBP, ITIH2, DSP, RAB10, YWHAZ, CIDEB und IPO8) in HDLCHF identifiziert 
werden konnten (Abbildung 13 E). Die Abbildung 13F verdeutlicht den Zusammenhang 




Abbildung 13: Die Proteom-HDL-Charakterisierung (5 HDLhealthy vs. 5 
HDLCHF/NYHAIIIb) ergab 494 Proteine, die auf 2148 verschiedene Peptide 
zurückzuführen sind (A). Es wurden 118 Proteine in mindestens 3 von 5 Proben pro 
Gruppe identifiziert. Davon wurden 2 Proteine nur in HDLhealthy-Proben identifiziert, 
während 9 Proteine ausschließlich in HDLCHF identifiziert werden konnten. (B) Die 
PLS-Analyse ergab eine klare Trennung der Vergleichsgruppen auf der Basis von 69 
Proteinen, die in allen Patienten identifiziert wurden. (C) Darstellung der 118 Proteine 
zur Bestimmung der Variabilität des HDL-Proteoms. (D) Volcano Plot zur Darstellung 
signifikant regulierter Proteine im Vergleich (T-Test) zwischen HDLhealthy und HDLCHF. 
(E) Visualisierung der unique-abundanten Proteine. (F) Korrelationsanalyse der 
phosphorylierten eNOS vs. Proteinabundanz. Rot markiert eine positive und blau 
markiert eine negative Korrelation. 
 
Canonical Pathwayanalyse der HDL-assoziierten Proteinen: Unter Einbeziehung von 
494 identifizierten Proteinen wurden auf der Basis einer IPA signifikant regulierte 
Signalwege identifiziert (Abbildung 14). Zur besseren Bewertung der Signalwege im 
Hinblick auf neue Regulationsmöglichkeiten durch HDL-assoziierte Proteine wurden 
die in Abbildung 14A dargestellten Proteom-Analysen bisheriger Veröffentlichungen 
einer gleichen Analytik unterzogen. Insgesamt konnten 2224 Proteine der IPA zugeführt 
und mittels Heatmap visualisiert werden. Aus den eigenen Proteinanalysen konnten 477 
von 494 Proteinen verschiedenen Signalwegen zugeordnet und funktionelle 
Informationen abgerufen werden. Exemplarisch erfolgt hier die Darstellung des 
Immune-Cell-Trafficking-Signalweges (Abbildung 14). Weitere Signalwege wie Lipid- 
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und Kohlenhydratstoffwechsel, Entzündungsreaktion und Radikale-Stoffwechsel 
können dem Anhang entnommen werden (Kapitel 9.1.2). Die im Fokus des 
wissenschaftlichen Interesses gezeigten Signalwege des Immune-Cell-Trafficking 
werden durch 102 Proteine repräsentiert, wobei 23 Proteine im vorliegenden 
experimentellen Ansatz neu identifiziert wurden (Abbildung 14B). Im direkten 
Vergleich mit den Resultaten aus bisherigen Veröffentlichungen (Abbildung 14A) 
konnten 17 neue Kategorien des Signalweges Immune-Cell-Trafficking erarbeitet 
werden (Abbildung 14B). Es wird deutlich, dass 7 Kategorien im Proteom von HDLCHF-
Patienten und 4 Kategorien im Proteom von HDLhealthy-Patienten nicht abgebildet 
werden können (Abbildung 14C). Im Proteom von HDLhealthy-Patienten sind im 
Besonderen die Proteine zur Bindung von Makrophagen (Abbildung 14C; Signalweg 
12) und zur Migration von immunkompetenten Zellen vermindert repräsentiert 
(Abbildung 14C; Signalwege 64-65-67). Dementgegen involviert das Proteom der 
HDLCHF-Patienten Proteine, die die Adhäsion und Akkumulation von dendritischen 
Zellen wie Makrophagen bzw. B- und T-Zellen im Gewebe regulieren (Abbildung 14C; 
Signalwege 52-53-54-55). Die Ergebnisse belegen den hohen immunregulatorischen 






Abbildung 14: Vergleich HDL-spezifischer Immune-Cell-Trafficking-assoziierter 
Signalwege: Die Abbildung A-B repräsentieren eine Heatmap zur Darstellung der 
Abundanz (Farbcode) von Immune-Cell-Trafficking-assoziierten Signalwegen (1-68), 
die aus dem Proteom der in der Literatur veröffentlichten HDL-Proteom-Studien (A) 
ermittelt wurden und mit dem Proteom-Spektrum der eigenen 2D-nanoLC-MS/MS-
Studie (B) verglichen wurde. In Abbildung C werden die Unterschiede der regulierten 
Signalwege im Vergleich des HDLhealthy mit dem HDLCHF aufgezeigt. 
 
Erweiterte HDL-Proteom-Analyse verifiziert erstmalig bakterielle Proteine im HDL-
Proteom. Der Schwerpunkt der Proteom-Studie lag initial auf der Charakterisierung des 
menschlichen Proteoms der HDL-Partikel (Abbildung 13) und der Identifikation von 
krankheitsspezifisch relevanten Signalwegen (Abbildung 14). Bei Betrachtung der 
auswertbaren MS-Spektren zeigte sich, dass lediglich ca. 45% der Spektren in der 
Mascot-Analyse identifiziert werden konnten (Abbildung 15A). Weiterführende 
Überlegungen führten zum Abgleich der Spektren mit Bakterien-spezifischen Proteom-
Mustern und die Datenbanksuche ergab Übereinstimmungen von 52 uniquen Peptiden 
(Peptid 156-Spektren, PSM`s), die 47 Proteingruppen repräsentieren (Abbildung 15B-
E). Die Spektren des HDLhealthy- und HDLCHF-Proteoms konnten sieben verschiedenen 
Stämmen (Abbildung 15B) und 27 Gattungen (Abbildung 15C) zugeordnet werden. Die 
Zuordnung von Proteinen gelang bis zur Speziesebene für 24 differentielle Spezies 
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(Abbildung 15D) und es wird eine Dominanz der Gattungen Staphylococcus oder 
Bacillaceae deutlich. Die heterogene Verteilung der bakteriellen Proteine im HDL-
Proteom ist individuell ausgeprägt und eine krankheitsspezifische Zuordnung kann 
aktuell nicht ausgeschlossen werden. Die mikrobielle Proteomverteilung der HDL-
Partikel muss in nachfolgenden Studien weiteren Analysen im Hinblick auf die 
Subtypen der HDL-Partikel zugeführt werden. Eine Zuordnung des bakteriellen HDL-




Abbildung 15: Darstellung der HDL-spezifischen bakteriellen Peptide: (A) Bei der 
Untersuchung von 10 individuellen HDL-Proteomprofilen konnten 0,5% der MS-
Spektren bakteriellen Proteinen zugeordnet werden (A). Die identifizierten Spektren 
entsprechen 7 verschiedenen Stämmen (B), 27 Gattungen (C) und 24 verschiedenen 
Spezies (D). Beispielhaft wurden die Spektren von Acinetobacter calcoaceticus und 






Ergebnisdiskussion: In der vorliegenden Studie zeigt sich ein signifikanter Unterschied 
in der eNOS-assoziierten HDL-Funktion von Patienten mit CHF im NYHA-Stadium-
IIIb. Diese Ergebnisse wurden ausgiebig in unserer Arbeit Adams et al. (2013) 
dargestellt und diskutiert (Adams et al., 2013; Kapitel 5.3.2). Ein wichtiger 
wissenschaftlicher Aspekt der vorliegenden Untersuchung war die erweiterte 
Identifikation des HDL-Proteoms auf der Basis einer 2D-nanoLC-MS/MS-Proteomik-
Plattform. Die initiale Studie von Adams et al. (2013) nutze einen 1D-LC-MS/MS-
Ansatz und konnte basierend auf 709 unterschiedlichen Peptiden 134 differentielle 
Proteine identifizieren (Adams et al., 2013). Die vertiefende Untersuchung des 
Proteoms durch eine bessere Auftrennung des Proteingemischs mittels einer 2D-
nanoLC-Plattform ergab im Vergleich zur vorherigen Analyse 494 verschiedene 
Proteine, die durch 2148 Peptide repräsentiert werden (Kapitel 9.1.2). Durch die höhere 
Abdeckung des Proteoms konnte im Vergleich zur bisherigen Literatur (Abbildung 14) 
ein tieferer Einblick in mögliche Signalwegbeteiligung der HDL-Partikel gewonnen 
werden (Lepedda et al., 2012). Die Proteom-Untersuchungen der HDL-Partikel 
erfolgten initial mittels 2D-DIGE (Karlsson et al., 2005), gefolgt von kombinierten Gel- 
bzw. LC-basierenden Analyseverfahren (Heller et al., 2005) bis hin zu SELDI-TOF-
Analyseplattformen (Raterman et al., 2013). Mit wachsenden Erkenntnissen im 
Fachgebiet der Proteomik konnte die Anzahl der isolierten HDL-spezifischen Proteine 
von ursprünglich 13 Proteinen im Jahr 2005 (Karlsson et al., 2005) auf 159 im Jahr 
2013 gesteigert werden (Gordon et al., 2013).  
Die differentielle Proteinidentifikation in den Studien des vergangenen Jahrzehnts 
unterliegt aber nicht nur den variabel eingesetzten Proteomik-Plattformen. Auch die 
Separation der HDL-Partikel aus Plasma hat einen nicht unerheblichen Einfluss auf die 
Abundanz des HDLs bzw. dessen Subfraktionen und letztlich dessen Proteom (Kunitake 
und Kane, 1982; Ståhlman et al., 2008). Die Arbeitsgruppe um Gordon et al. (2013) 
zeigte, dass die Verwendung von nicht-dichtebasierten Trenntechniken und 
nachfolgender Proteom-Auftrennung mittels Anionenaustausch-Chromatographie und 
präparativer IEF die Identifikationsrate deutlich erhöht (Gordon et al., 2013). In der 
eigenen Untersuchung wurde das HDL durch einen Dichtegradienten unter 
Ultrazentrifugation getrennt und im Anschluss das isolierte Proteom identifiziert. 
Obwohl die Trennverfahren des Proteomgemischs vergleichbar mit Gordon et al. (2013) 
sind, wurden im Gegensatz zu dieser Autorengruppe die HDL-Partikel mit 
Ultrazentrifugation getrennt und es konnten dennoch signifikant mehr Proteine 
aufgedeckt werden. Vielfältige messspezifische Effekte können hierfür ursächlich sein. 
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In der vorliegenden Studie wurde die Kombination von Online SCX und RP-
Fraktionierung verwendet, um die gering Abundanten HDL-Proteine zu beurteilen. In 
einer kürzlich veröffentlichten Studie wurde gezeigt, dass die Online-Fraktionierung zu 
höherer Sequenzabdeckung gegenüber Offline-Plattformen aufgrund einer 
Oberflächenadsorptionen führen kann (Magdeldin et al., 2014). Die MS-Messung nach 
der LC-Trennung wurde über 5800 MS/MS-Scans à 30 Minuten pro LC-Gradienten 
realisiert. Erweiterte Strategien für die Suche der MS/MS-Spektren gegen Spektren-
Bibliotheken oder mit „De Novo-Tools“ können die Erkennungsrate gleichsam 
signifikant erhöhen. Weiterführend muss berücksichtigt werden, dass posttranslationale 
Modifikationen (PTM) oder Single-Nukleotid-Varianten (SNV) durch nicht-
identifizierbare Ionenmassen herkömmliche Datenbanksuchstrategien bedeutsam 
konterkarieren. Eine Datenbankabfrage mit zusätzlichen Algorithmen, die abgeleitete 
Sequenz-Tags nutzen, um unerwartete Mutationen aufspüren zu können, führt zur 
Erhöhung der Anzahl der identifizierten Proteine (Dasari et al., 2010). Weitere 
Fortschritte in der MS/MS-Identifikationsrate können durch instrumentenbasierte 
Verbesserungen mit höherer Scangeschwindigkeit und Empfindlichkeit erreicht werden. 
Signalweganalyse auf der Basis des HDL-Proteoms: Ein wesentlicher Vorteil in der 
Identifikation eines Gesamtproteoms liegt in seiner Zuordnung zu relevanten 
Signalwegen. Die Studie von Vaisar et al. (2007) zeigt, dass durch solch eine 
Analysemethode die Rolle des HDLs in bisher unbekannter Regulierung des 
Komplementsystems, in antientzündlichen und antiatherogenen Prozessen abgeschätzt 
werden konnte (Vaisar et al., 2007). Unter Anwendung einer IPA zeigen die 
vorliegenden Ergebnisse der 494 Proteine umfassenden HDL-Proteom-Analyse die 
Prominenz der Immune-Cell-Trafficking-Signalwege. Insbesondere das Proteom von 
HDLCHF-Patienten gibt Hinweise auf eine verminderte Fähigkeit, die Adhäsion und 
Akkumulation von dendritischen Zellen wie Makrophagen bzw. B- und T-Zellen zu 
regulieren. Es ist hinreichend dargelegt, dass die CHF mit einer genetischen 
Suszeptibilität und mikrobiellen Infektionen im Hinblick auf die Ausprägung einer 
dilatativen Kardiomyopathie assoziiert ist und bei jungen Patienten eine der häufigsten 
Ursachen von Herzversagen darstellt (Eriksson et al., 2003). Dendritische Zellen sind 
die wirksamsten Antigen-präsentierenden Zellen und bereits 1995 wurden sie in den 
Arterien von Patienten mit Atherosklerose identifiziert (Bobryshev und Lord, 1995). In 
Gefäßen von Patienten mit dilatativer Kardiomyopathie wurde in einem sehr frühen 
Stadium der Erkrankung eine Atherosklerose nachgewiesen (Repetto et al., 2005). Aber 
auch im Endstadium der CHF wurden signifikant erhöhte Konzentrationen von 
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dendritischen Zellen im Serum nachgewiesen (Athanassopoulos et al., 2004). Eine 
bedeutende Brückenrolle in der Interaktion zwischen dendritischen Zellen und 
Arteriosklerose spielen die HDL-Partikel (Feig et al., 2011). HDL hat direkt durch die 
Entfernung von Cholesterin aus Schaumzellen und durch die Hemmung der Oxidation 
von LDL sowie durch die Begrenzung der entzündlichen Prozesse antithrombotische 
Eigenschaften (Toth et al., 2013). HDL und im Besonderen ApoA-I steht in 
Wechselwirkung mit ABCA1 bzw. ABCG1 und ist direkt an der Entfernung von 
Cholesterin aus Makrophagen und dendritischen Zellen beteiligt (Landry et al., 2006; 
Murphy et al., 2008). Normalerweise reguliert HDL negativ die T-Zellaktivierung und 
die Expression von inflammatorischen Mediatoren, Makrophagen und dendritischen 
Zellen (Kaji, 2013). Die Verschiebung der Proteinlast im HDL-Partikel von CHF-
Patienten zu Gunsten der Migration und Rekrutierung von myeloischen Zellen und zu 
Ungunsten der Adhäsion und Akkumulation von dendritischen Zellen forciert die 
Hypothese einer pathologisch relevanten HDL-Funktion. Dies wird durch die aktuelle 
Studienlage untermauert, in der dargelegt wird, dass die Abundanz und die Funktion der 
HDL-Partikel in CHF-Patienten deutlich eingeschränkt ist (Marsche et al., 2013). Die 
vorliegenden Proteom-Analysen belegen, dass die Proteine zur Bindung und zur 
Migration von immunkompetenten Zellen im HDLCHF im Vergleich zu HDLhealthy 
vermindert sind und dies kann bspw. zu einer Verminderung des reversen Cholesterin-
Transports führen.  
HDL-Partikel und Bakterienproteom: Erstmalig konnte die vorliegende Untersuchung 
bakterielle Proteine innerhalb des HDL-Proteoms sowohl von CHF als auch gesunden 
Probanden ermitteln. Auf der Basis des Proteomik-Ansatzes konnten 24 Spektren von 
verschiedenen Bakterienarten zugeordnet werden. Die inhaltliche Konsistenz der 
Proteom-Analysen wird dadurch gestützt, dass die meisten Spektren nicht zu einem 
spezifischen Keim zugeordnet werden konnten, sondern vielmehr als unspezifisches, 
nicht-uniques, also heterogenes Protein identifiziert wurden. Diese heterogenen Proteine 
wie bspw. die Phosphopyruvate hydratase oder die Glyceraldehyde-3-phosphate 
dehydrogenase sind regulatorische Enzyme der Glycolyse und Glukoneogenese in 
verschiedenene Bakterienspezies (Saito, 1967; Pancholi und Fischetti, 1992).  
Der Zusammenhang zwischen HDL und Bakterien wurde bis zum heutigen Tag auf 
verschiedenen Ebenen in der Literatur beschrieben (Grunfeld et al., 1999; Sadler und 
Williams, 2008). HDL vermindert die LPS-induzierte antivirale Antwort in 
Makrophagen (Sadler und Williams, 2008) und ist mit einer Abwehraktivität nach der 
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bakteriellen Infektion, im Sinne einer Begrenzung der proinflammatorischen Aktivitäten 
von Lipidkomponenten der bakteriellen äußeren Membran wie LPS, verbunden 
(Grunfeld et al., 1999). Die besondere Rolle des HDLs in der bakteriellen Abwehr von 
CHF-Patienten wird deutlich, wenn man berücksichtigt, dass das Lipopolysaccharide-
bindende Protein (LBP) nur im Proteom von HDLCHF identifiziert wurde. Die Aufgabe 
von LBP besteht in der Bindung von LPS und damit der Neutralisation des Endotoxins 
gram-negativer Bakterien (Muta und Takeshige, 2001). Eine vermehrte Abundanz von 
LBP im HDLCHF-Proteom könnte somit ein Indikator für eine verstärkte antimikrobielle 
Aktivität in der Pathophysiologie der CHF sein. Die Literatur gibt Hinweise, dass CHF 
im Zusammenhang mit dem Status einer gestörten Darmbarriere steht, und andererseits 
ist eine Bakteriämie in der Lage, CHF durch eine chronische Entzündung zu triggern 
(Rogler und Rosano, 2014). Eine beeinträchtigte Darmbarrierefunktion wird durch 
bakterielle Translokation in den Kreislauf begleitet und kann auf diese Weise 
Arteriosklerose und CHF fördern. Herzfunktionsstörungen können wiederum 
Auswirkungen auf die intestinale Mikrozirkulation haben (Sandek et al., 2008) und 
seinerseits zu einer Barrierestörung der Darmschleimhaut beitragen und sekundär zur 
bakteriellen Translokation führen (Arutyunov et al., 2008). Ferner ist in Patienten mit 
CHF die Abundanz der Bakterien in der sigmoidalen Schleimhaut und der Umfang ihrer 
Adhärenz signifikant höher als im Vergleich zu Gesunden (Sandek et al., 2007). Der 
Zusammenhang zwischen einer Bakteriämie und CHF wird zusätzlich durch die 
Hypothese gestützt, dass das lösliche CD14 (Bestandteil des LPS-Rezeptors) im Serum 
von Patienten mit CHF signifikant erhöht ist (Anker et al., 1997). Dem löslichen CD14-
Protein wird eine Sensitivierung des LPS-Signalweges zugeschrieben. Eine weitere 
Komponente des LPS-Rezeptors ist das auf Kardiomyozyten exprimierte Protein, Toll-
like receptor 4 (TLR-4), dessen Bindung von Endotoxin mit einer Verschlechterung der 
Myozytenfunktion assoziiert ist (Tavener et al., 2004). Weitere Studien belegen nach 
Aktivierung des TLR-4 eine Verminderung der Herzmuskelkontraktilität, eine 
Induktion entzündlicher Prozesse und insbesondere struktureller Gewebeschäden (Boyd 
et al., 2006; Fallach et al., 2010; Avlas et al., 2011). Diese pathophysiologischen 
Zusammenhänge entsprechen der heutigen Vorstellung der Pathologie von CHF 
(Francis, 2001) und die vorliegenden Proteom-Analysen des HDL-Partikels belegen und 
vertiefen den bedeutsamen Einfluss des HDL-Proteoms in der Krankheitsausprägung.  
Zusammenfassung: Die vorliegenden Proteom-Untersuchungen der HDL-Partikel 
zeigen keine klare Zuordnung der bakteriellen Peptide zu CHF-Patienten oder der 
gesunden Kontrollgruppe. Diese Erkenntnisse sprechen für eine grundsätzliche 
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Interaktion zwischen HDL-Partikeln und der Elimination von bakteriellen 
Bestandteilen. Vorstellbar ist die Beladung des HDL-Proteoms mit bakteriellen 
Proteinen durch dendritische Zellen wie Makrophagen, die eine besondere Stellung 
durch Phagozytose von Bakterien in der Immunabwehr einnehmen (Benoit et al., 2008). 
In Patienten mit CHF kann zusätzlich die Pathologie der Arteriosklerose zu einer 
Beladung der HDL-Partikel mit bakteriellen Proteinen beitragen. Verschiedene 
Krankheitserreger wurden in atherosklerotischen Plaques bis dato identifiziert 
(Charakida und Tousoulis, 2013) und die Assoziation zwischen CHF und vaskulären 
Erkrankungen wurde ausführlich beschrieben. In Bewertung der Ergebnisse kann durch 
die Proteomik eine möglich verbesserte antibakterielle Aktivität via LBP bzw. durch 
Elimination von bakteriellen Endotoxinen vermutet werden. Die Varianz der HDL-
Proteine im Vergleich von CHF- und gesunden Probanden zeigt eine unterschiedliche 
Steuerung von Migration und Rekrutierung von myeloischen Zellen bzw. Adhäsion und 
Akkumulation von dendritischen Zellen. Weitere Studien müssen klären, ob dieser 
Proteombesatz funktionell bedeutsam ist oder die HDL-Partikel als Cargo im Sinne von 






Im vergangenen Jahrzehnt verdichteten sich die Hinweise, dass Übergewicht mit einer 
Änderung der Darmflora assoziiert ist (Haange et al., 2012). Es bleibt zu vermuten, dass 
durch gezielte Manipulation der Darmmikrobiota Adipositas und dessen 
Komorbiditäten beeinflusst werden können (Finucane et al., 2014). Schätzungen gehen 
von ca. 1000-1500 bakteriellen Spezies in der Darmschleimhaut aus, und die genetische 
Abundanz wird gegenüber der humanen DNA um den Faktor 100 erhöht angenommen 
(Qin et al., 2010; Markowitz et al., 2012). Zunehmende Erkenntnisse und eine 
Erweiterung der Methodenspektren in der Genomik (Genomforschung an 
Mikroorganismen) gestatten tiefere Einblicke in die individuelle Varianz der 
mikrobiellen Darmflora. So wurde die Bakterienphylogenie in verschiedenen Studien 
u.a. mittels RestriktionsFragmentLängenPolymorphismus (RFLP) (Ferrer et al., 2013), 
Pyrosequencing (Clonal-emPCR) (Haange et al., 2012) oder auf der Basis einer HiSeq- 
bzw. MiSeq-Plattform (Illumina) (Caporaso et al., 2012) in unterschiedlicher Qualität 
und Quantität identifiziert. Die Erkenntnisse belegen, dass bereits in Probanden ohne 
klinisch relevante Krankheitsmerkmale eine hohe Varianz der Darmmikrobiota präsent 
ist, und es zeichnet sich deutlich ab, dass Nahrungsverhalten die Zusammensetzung der 
Darmflora signifikant beeinflusst, ohne den Anspruch auf Krankheitswert zu haben 
(Human Microbiome Project Consortium, 2012). 
In den letzten Jahren erhärtete sich der Verdacht, dass das Mikrobiom einen größeren 
Einfluss auf die Adipositas-Entstehung hat als die genetische Prädisposition der 
Patienten (Turnbaugh et al., 2009; Turnbaugh und Gordon, 2009). Das Verständnis für 
die Komplexität der Adipositas-spezifischen Pathophysiologie und dessen 
Zusammenhang mit dem Mikrobiom ist aktuell jedoch noch rudimentär. Insbesondere, 
wenn die Zusammenhänge zwischen Metabolischem Syndrom, Darmmikrobiota und 
Herz-Kreislauf-Erkrankungen wissenschaftlich betrachtet werden, scheint die 
Wissenschaft noch am Anfang des Erkenntnisgewinns zu stehen (Tilg und Kaser, 2011; 
Fava et al., 2013). Schon Untersuchungen des Mikrobioms im Kindesalter verdeutlichen 
die Korrelation zwischen der bakteriellen Besiedlung des Gastrointestinaltrakts und 
einer Reihe von metabolischen Erkrankungen (Murgas Torrazza und Neu, 2011; 
Thompson, 2012), die wesentliche Nährböden für Herz-Kreislauf-Erkrankungen 
darstellen können (Morrison et al., 2007).  
Molekularbiologische Untersuchungen an Mäusen haben gezeigt, dass fäkale 
Transplantation der Mikrobiota von übergewichtigen Personen in normalgewichtige 
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Mäuse Adipositas induzieren kann (Turnbaugh et al., 2008). Die exakten 
wissenschaftlichen Erklärungsmodelle für diese Effekte stehen noch aus, jedoch zeigt 
sich deutlich eine Verminderung der Keimabundanz von Bakterien aus dem Stamm der 
Bacteroidetes in Übergewichtigen gegenüber dem Stamm der Firmicutes im Vergleich 
zu Normalgewichtigen (Ley et al., 2005; Turnbaugh et al., 2009). Zusätzlich berichten 
wissenschaftliche Untersuchungen von übergewichtigen Personen über eine geringere 
Vielfalt der Bakteriengemeinschaften (Turnbaugh et al., 2009; Le Chatelier et al., 
2013). Insbesondere epidemiologische Studien konnten den Zusammenhang zwischen 
Adipositas und einer Verminderung der Firmicutes nicht bestätigen (Arumugam et al., 
2011; Human Microbiome Project Consortium, 2012; Finucane et al., 2014), und um 
die Verwirrung zu komplettieren, belegen weitere Studienergebnisse eine Erhöhung der 
Bacteroidetes im Phänotyp Adipositas (Ley, 2010). 
Um den Stoffwechsel verschiedener Bakterien im Gastrointestinaltrakt besser verstehen 
zu können, wurden in den letzten 10 Jahren Proteomik-Ansätze etabliert (Klaassens et 
al., 2007; Turnbaugh et al., 2007; Rudney et al., 2010). Die Bestimmung der 
bakteriellen Proteine erlauben Rückschlüsse auf die Spezies und deren Abundanz 
(Haange et al., 2012) und den Stoffwechsel der Bakterien (Kolmeder und de Vos, 
Willem M, 2014), und letztlich können durch systembiologische Analyseansätze 
Zusammenhänge zwischen der genomischen Präsenz bzw. der Abundanz von 
bakteriellen Metaboliten und dem spezifischen Stoffwechsel erarbeitet werden 
(VerBerkmoes et al., 2009; Erickson et al., 2012). Grundlegende Metaproteom-
Erkenntnisse des Mikrobioms wurden auf der Basis von Stuhlproben sowohl im Tier- 
als auch im Humanmodell erworben (Ferrer et al., 2013; Tanca et al., 2014). Es zeigte 
sich jedoch nur eine schwache Korrelation zwischen dem bakteriellen Metaproteom der 
Stuhlproben und dem bakteriellen Metaproteom der gastrointestinalen Schleimhaut 
(Haange et al., 2012). Um sich dieser Herausforderung in künftigen Untersuchungen 
des Mikrobioms des Gastrointestinaltrakts zu stellen, wurden standardisierte Methoden 
zur Entnahme von Darmmukosa veröffentlicht (Li et al., 2011).  
In eigenen Untersuchungen wurden sowohl das Mikrobiom von adipösen Kindern 
(Ferrer et al., 2013) als auch der Zusammenhang zwischen dem Mikrobiom der 
Darmmukosa und dem Faeces erforscht (Haange et al., 2012) und nachfolgend 
dargestellt. Grundsätzlich lassen sowohl die Genomik- als auch die bisherigen 
Proteomik-Analysen keinen Rückschluss auf die Aktivität der Bakterien zu.  
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5.4.1 Metaproteom-Analyse des Mikrobioms bei Kindern und Jugendlichen 
Die Ergebnisse wurden nachfolgend veröffentlicht (Originalarbeit Seite 254-269): 
Ferrer M, Ruiz A, Lanza F, Haange SB, Oberbach A, Till H, Bargiela R, Campoy C, 
Segura MT, Richter M, von Bergen M, Seifert J. 
Suarez A. Microbiota from the distal guts of lean and obese adolescents exhibit partial 
functional redundancy besides clear differences in community structure.  
Environ Microbiol. 2013 Jan; 15 (1): 211-26.  
 
Einleitung und wissenschaftlicher Hintergrund: Die Literatur gab mit Beginn der 
Mikrobiom-Untersuchungen Hinweise, dass jeder Mensch eine einzigartige und relativ 
stabile Darmflora besitzt. Über 90% der phylogenetischen Kategorien sind Phyla der 
Bacteroidetes und Firmicutes, gefolgt von Actinobacteria, Roteobacteria und 
Verrucomicrobia. Diese Erkenntnisse wurden durch weiterführende Studien unter 
Anwendung von modernen Genomik-Plattformen vertieft und nicht in jedem Fall 
bestätigt. Es zeigte sich vielmehr, dass Entzündungs- und Stoffwechselerkrankungen 
sowie eine Antibiotikatherapie oder Nahrungsverhalten die individuelle Varianz des 
Mikrobioms determinieren. Einige Stämme der Darmflora können durch Zugabe von 
Probiotika Darmentzündungen verringern und Funktionsstörungen der 
Darmschleimhaut normalisieren.  
Die Volkskrankheit Adipositas summiert eine Vielzahl von Stoffwechselveränderungen, 
die auch in einem unterschiedlichen Mikrobiom im Verhältnis zu Normalgewichtigen 
münden. Bis zum heutigen Tag ist nicht wirklich geklärt, inwieweit Adipositas und 
dessen Komorbiditäten das Mikrobiom bestimmen oder in welchem Umfang das 
Mikrobiom Adipositas triggert. Neue experimentelle Studien zeigen, dass die 
ob/obLeptin-defizienten adipösen Mäuse einen um 50% reduzierten Bacteriodetes-Anteil 
bei gleichzeitiger Erhöhung des Phyla Firmicutes aufweisen. Darüber hinaus belegen 
Metagenomik-Studien eine Verschiebung der Enzymabundanz im adipösen Phänotyp in 
Richtung Abbau unverdaulicher Polysaccharide, Stärke/Saccharose-Stoffwechsel, 
Galaktose-Stoffwechsel und Butyrat-Stoffwechsel. Diese Enzyme haben die Fähigkeit, 
die Kalorienaufnahme zu erhöhen und via Mikrobiom Einfluss auf den Grad der 
Adipositas auszuüben. In Summe konnten ca. 400 Gene aus verschiedenen 
Stoffwechselwegen identifiziert werden, die unter dem Einfluss von Übergewicht im 
Mikrobiom des menschlichen Darms entweder angereichert oder vermindert sind. So 
konnte in einer Studie H2-produzierende Prevotellaceae und die H2-verbrauchenden 
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Methanobacteriales im Gastrointestinaltrakt von übergewichtigen Personen identifiziert 
werden. Es ist bekannt, dass Methanogen die Gewinnung von Energie von sonst 
unverdaulichen Polysacchariden erhöhen, und über diesen Mechanismus ist ein direkter 
Einfluss auf den Stoffwechsel unter der Pathophysiologie von Adipositas denkbar.  
Auch unter Berücksichtigung dieser Erkenntnisse ist das Wissen und Verständnis des 
zugrunde liegenden mikrobiellen Stoffwechselbeitrags zu Übergewicht sehr spärlich. 
Die Mehrheit der Untersuchungen beruht auf einem indirekten Nachweis von DNS, die 
lediglich den Bauplan bzw. das Inventar von Genen des menschlich assoziierten 
Mikrobioms repräsentieren, jedoch keine Aussage über die Funktionsnachweise und 
Proteinsynthese zulassen. Um dieses Problem zu adressieren, nutzten wir im 
nachfolgenden Studienansatz einen Metaproteom-Ansatz zur Charakterisierung des 
Mikrobioms bei Kindern und Jugendlichen mit Adipositas. 
Ziel: Unter Berücksichtigung all der oben genannten Informationen wurde in der 
vorliegenden Studie eine umfassende und ganzheitliche (im Sinne einer Öko-
Systembiologie) phylogenetische und funktionelle Analyse des Darmmikrobioms von 
einem Patienten mit Adipositas einer schlanken Person gegenübergestellt. Ein 
wesentlicher Fokus liegt auf der Identifikation und Analyse von aktiven Bakterien und 
deren exprimierten Proteinen. 
Material und Methoden: Die Probanden für die Studie wurden nach ihrem Body-
Mass-Index (BMI) aus dem Panel der EVASION Studie (Spanien) ausgewählt. Die 
zugrunde liegende Studie wurde als eine multidisziplinäre Intervention zur Behandlung 
von Fettleibigkeit im Kindes- und Jugendalter in Spanien entwickelt. Von beiden 
Probandengruppen (Adipositas und schlanke Kontrollen) wurden Stuhlproben nach 
einer Fastenperiode (über Nacht) gesammelt und prozessiert. Nach der bakteriellen 
DNA-Extraktion aus den Stuhlproben erfolgte die Bestimmung des Metagenoms auf der 
Basis einer NGS-Plattform (Roche 454 GS FLX Ti sequencer; 454 Life Sciences, 
Branford, CT, USA). Um mögliche Stoffwechselwege zu identifizieren, wurden die 
Gene gegen die KEGG-Datenbank annotiert. Zur Identifikation der Spezies wurden die 
16SrDNA-Sequenzen mit Referenzsequenzen aus dem EMBL-Nucleotide-Sequence-
Database verglichen. 
Der Shotgun-Metaproteom-Ansatz (je Gruppe 2 technische Replikate) wurde durch eine 
Vorseparation des Proteomgemischs mittels 1D-Gelelektrophorese (Auftrennung der 
Banden in 7 Partitionen nach Coomassie Brilliant Blue G-250 Färbung) und 
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anschließendem tryptischem Verdau mittels UPLC-LTQ Orbitrap-MS/MS realisiert. Im 
Anschluss erfolgten die Identifikation der MS/MS-Spektren und die Zuordnung der 
Proteine zu spezifischen Signalwegen bzw. biologischen Prozessen. 
Ergebnisse: Auf der Basis von 22 Millionen identifizierten bakteriellen Basenpaaren 
ergab die Metagenom-Analyse des Stuhls von Kindern mit Adipositas eine höhere 
Abundanz der Phyla Firmicutes (94.6%) gegenüber den Bacteroidetes (3.2%) im 
Vergleich zum normalgewichtigen Mikrobiom. Das Darmmikrobiom der 
normalgewichtigen Proben zeigte eine deutliche Verschiebung der Abundanz zu den 
Bacteroidetes (18.9% total 16S rDNA). Im Metaproteom-Ansatz konnten 613 
verschiedene Bakterien-spezifische Proteine ermittelt werden. Insgesamt konnten 81% 
der Proteine der Phyla der Bacteroidetes in der normalgewichtigen Gruppe zugeordnet 
werden. Es zeigte sich jedoch, dass die Proteom-Zusammensetzung und deren relative 
Verteilung keinen wesentlichen Unterschied zwischen den Phänotypen konstatieren 
lässt. Obwohl sich das Mikrobiom zwischen den Gruppen im Hinblick auf das 
Genrepertoire und das funktionelle Profil ähnelt, zeigen sich Hinweise für einen 
unterschiedlichen Stoffwechsel im Bereich der De Novo-Synthese von B12-beteiligten 
Bakterien sowie des 1,2-Propandiol-Katabolismus, der Butyrat-Produktion und der 
Vitamin-B6-Synthese. 
Schlussfolgerungen: Die vorliegende Untersuchung gibt Hinweise, dass die 
phänotypisch variablen Kombinationen der Phyla „mutmaßlich“ die metabolische 
Funktionalität des Darms beeinflussen und nicht aus der Abundanz von 
Bakterienspezies direkt Rückschlüsse auf die Stoffwechselaktivität geschlossen werden 
können. Dies ist von besonderer Bedeutung, da die meisten bisher veröffentlichten 
Mikrobiom-Untersuchungen DNA-basierte Ansätze sind und somit keine Informationen 
über die tatsächliche Proteinsynthese liefern. Eine höhere Abdeckung des mikrobiellen 
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Summary
Recent research has disclosed a tight connection
between obesity, metabolic gut microbial activities
and host health. Obtaining a complete understanding
of this relationship remains a major goal. Here, we
conducted a comparative metagenomic and metapro-
teomic investigation of gut microbial communities in
faecal samples taken from an obese and a lean ado-
lescent. By analysing the diversity of 16S rDNA ampli-
cons (10% operational phylogenetic units being
common), 22 Mbp of consensus metagenome
sequences (~ 70% common) and the expression pro-
files of 613 distinct proteins (82% common), we found
that in the obese gut, the total microbiota was more
abundant on the phylum Firmicutes (94.6%) as com-
pared with Bacteroidetes (3.2%), although the meta-
bolically active microbiota clearly behaves in a more
homogeneous manner with both contributing equally.
The lean gut showed a remarkable shift towards
Bacteroidetes (18.9% total 16S rDNA), which become
the most active fraction (81% proteins). Although the
two gut communities maintained largely similar gene
repertoires and functional profiles, improved pili- and
flagella-mediated host colonization and improved
capacity for both complementary aerobic and anaero-
bic de novo B12 synthesis, 1,2-propanediol catabolism
(most likely participating in de novo B12 synthesis)
and butyrate production were observed in the obese
gut, whereas bacteria from lean gut seem to be more
engaged in vitamin B6 synthesis. Furthermore, this
study provides functional evidence that variable com-
binations of species from different phyla could ‘pre-
sumptively’ fulfil overlapping and/or complementary
functional roles required by the host, a scenario
where minor bacterial taxa seem to be significant
active contributors.
Introduction
The human distal gut harbours a vast ensemble of
microbes that perform vital processes for human physiol-
ogy and nutrition, although these are not yet completely
understood (O’Hara and Shanahan, 2006; Hattori and
Taylor, 2009). It is increasingly evident that gut microbes
play a pivotal role in host carbohydrate, lipid and amino
acid metabolisms and in the production of vitamins
(Hooper and Gordon, 2001), indicating the existence of an
extensive trans-genomic, trans-mural co-metabolism of
multiple substrates, including those involved in host meta-
bolic regulation (Nicholson et al., 2005; Marchesi, 2011).
The distal human intestine can be considered an anaerobic
bioreactor with trillions of bacteria that add a vast gene
catalogue to host genetics, providing complementary
metabolic pathways for energy harvesting, food digestion,
detoxification, production of bioactive compounds and
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assimilation of otherwise inaccessible nutrients from our
diet (Qin et al., 2010). Recent studies showed that each
human has a unique and relatively stable gut microbiota
dominated by the Bacteroidetes and Firmicutes divisions
that constitute over 90% of the phylogenetic categories,
together with Actinobacteria, Proteobacteria and Verru-
comicrobia as minority members, most of which have not
yet been isolated or characterized (Marchesi, 2010; Aru-
mugam et al., 2011). It should be noted that these patterns
were apparent only in data averaged over many speci-
mens. Increasing evidence suggests that microbiota status
is linked to inflammatory disorders, human metabolism and
immune system activity (Turnbaugh et al., 2006; Peterson
et al., 2008) and that its composition can be disrupted by
external factors, such as antibiotic treatment (Jernberg
et al., 2010) and dietary modulation (Hildebrandt et al.,
2009). Furthermore, specific strains of the gut microbiota
and/or supplied probiotics have been shown to decrease
intestinal inflammation and to normalize dysfunctions of
the gut mucosa (Cani and Delzenne, 2011).
Obesity is an enormous public health problem that
arises as a consequence of complex socioeconomic and
genetic factors that favour increased dietary intake and
reduced physical activity, ultimately disrupting energy
homeostasis (Turnbaugh and Gordon, 2009; Swinburn
et al., 2011). Recent experimental evidence revealed that
the ob/ob leptin-deficient obese mouse has a microbiome
with a 50% reduction in Bacteriodetes and a concurrent
increase in Firmicutes (Turnbaugh et al., 2006). More-
over, comparative metagenomics revealed enrichment in
genes that encode enzymes involved in the initial steps of
breaking down indigestible dietary polysaccharides,
starch/sucrose metabolism, galactose metabolism and
butanoate metabolism, which might increase the capacity
to harvest energy from the diet (Turnbaugh et al., 2006).
Approximately 400 genes in metabolic pathways have
been shown to be enriched or depleted in the human gut
microbiome of obese individuals compared with lean con-
trols (Turnbaugh et al., 2009). An interesting example of
these is an enrichment of phosphotransferase systems
responsible for microbial processing of carbohydrates
(Booijink et al., 2010). Another recent study identified
H2-producing Prevotellaceae and the H2-using Methano-
bacteriales in the guts of obese individuals (Zhang et al.,
2009). Methanogens are reported to increase the extrac-
tion of energy by the host from otherwise indigestible
polysaccharides. In obese humans, the pattern of micro-
bial diversity and gene-encoded functions is more intri-
cate (Turnbaugh et al., 2009; Musso et al., 2011), and
contradictory reports on the composition of microbial
communities complicate the identification of functional
and molecular hotspots associated with obesity (Tschöp
et al., 2009; Elli et al., 2010; Ley, 2010; Schwiertz et al.,
2010).
Overall, the understanding of the underlying microbial
metabolic contribution to obesity is sparse. The main
reason for this is that the majority of investigations rely on
indirect evidence of DNA-based approaches, which only
provide the blueprint, or an inventory of genes of human-
associated microbial communities, but lack the proof of
functionality that might be derived from studies of gene
expression and protein synthesis. To solve this problem,
techniques such as two-dimensional electrophoresis
(2-DE) coupled to high-throughput mass spectrometry-
based analytical platforms and direct shotgun proteomic
approaches have been used to separate and identify
thousands of proteins from at least 14 human faeces-
associated bacterial phylotypes (Klaassens et al., 2007;
Verberkmoes et al., 2009; Cantarel et al., 2011; Rooijers
et al., 2011; Kolmeder et al., 2012) among the estimated
5000 bacterial species in the human microbiome. Addi-
tionally, apart from whole-gut metaproteome analyses,
defined proteomes from prominent human intestinal sym-
bionts have been reported, the results of which have
revealed that specific microbes, such as Bacteroides
thetaiotaomicron, contain an elaborate environment-
sensing apparatus (Xu et al., 2004). Accordingly, the iden-
tification of highly expressed proteins from human faecal
samples has been aided by creating extensive databases
containing the genome sequences of human-associated
microbes and human-associated microbiome sequences
(Rooijers et al., 2011).
Taking all of the above information into consideration,
we performed a thorough and holistic (or eco-systems
biology) phylogenetic and functional analysis of the gut
microbial communities of one obese and one lean indi-
vidual (for characteristics see Experimental procedures).
Instead of performing an extensive analysis of the gene
repertoire, special emphasis is given to the identification
and analysis of active bacterial members and their
expressed proteins present in lean and obese micro-
biomes and how they might form metabolically active
networks operating in each community.
Results and discussion
Bacterial diversity and composition blueprints of lean
and obese microbiomes
DNA isolated from each microbial community was
assayed using a PCR-based 16S rDNA gene diversity
survey. More than 300 clones were generated in each
library and were screened by restriction fragment length
polymorphism (RFLP) analysis using the enzyme MspI.
Additionally, we used the 16S rDNA gene partial
sequences obtained in the metagenome survey. For this
purpose, we just used those sequences with a length
> 600 nucleotides. All shorter sequences were discarded.
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A total of 22 sequences were obtained, and analysed.
Based on sequence similarity, 77 operational phyloge-
netic units (OPUs) were detected (Table 1): 8 conformed
to the common set and 45 and 24 were only found in
‘Lean’ and ‘Obese’ respectively. Higher values for
Shannon-Wiener’s, Simpson’s and equitability indices
indicated that the ‘Lean’ library was more diverse and less
dominated by a few abundant populations. Representa-
tives of the OPUs were selected for sequencing and phy-
logenetic affiliation. The overall phylogenetic composition
of the libraries is shown in Figs 1 and 2, in which one OPU
was derived from Archaea and the rest branched to four
phyla of the domain Bacteria in RDP: Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria. Most of
the OPUs (‘Lean’: 32; ‘Obese’: 22) were closely related
(97% identity cut-off) to uncultured gut bacteria found in
other diversity surveys (Eckburg et al., 2005). The biodi-
versity in the ‘Obese’ and ‘Lean’ libraries was dominated
by sequences belonging to Firmicutes (94.6% and 78.8%
respectively); however, the ‘Lean’ library had more OPUs
affiliated with Bacteroidetes (18.9% in ‘Lean’ versus 3.2%
in ‘Obese’), and the ‘Lean’ OPUs were more heteroge-
neous than those in the ‘Obese’ library (Fig. 1). The dif-
ferences in the compositions of our libraries agree with
the diversity profile of the EVASYON study (Santacruz
et al., 2009) that reported lower Bacteroides-Prevotella
abundance and greater frequencies of Clostridium cluster
XIVa members in obese subjects. Although there are con-
tradictory reports on the patterns of gut microbial commu-
nities in obese humans (Ley, 2010), and the 77 identified
OPUs described here only capture a portion of the pre-
dicted microbial diversity of the intestinal microbiota, the
compositions of our samples are consistent with the ‘low
Bacteroidetes/high Firmicutes’ hypothesis initially pro-
posed by Turnbaugh and colleagues (2006) that associ-
ated obesity with decreased bacterial diversity and
reduced representation of Bacteroidetes.
In the ‘Obese’ library, Firmicutes OPUs were dominated
by the class Clostridia (Fig. 2), with 30.8% of 16S gene
sequences branching to the Lachnospiraceae lineage
(Clostridium cluster XIVa), followed by Ruminococcaceae
(Clostridium cluster IV, 16.2%), Clostridiaceae (9.2%),
and unclassified Clostridiales (1.6%). Members of the
phylum Firmicutes branched to the classes Erysipelotri-
Table 1. Diversity data and indices for the 16S rDNA libraries gen-
erated from ‘Obese’ and ‘Lean’ individuals.
‘Lean’ ‘Obese’
No. of clones 165 185
No. of taxa 52 32
Dominance (D) 0.05 0.13
Shannon-Wiener index (H) 3.39 2.59
Simpson’s index (1-D) 0.95 0.87
Equitability index (J) 0.86 0.75
Evenness (E) 0.57 0.43
Good’s coverage (%) 69.4 82.7
Fig. 1. Phylogenetic compositions of the
clone libraries retrieved from ‘Obese’ and
‘Lean’ individuals. Clones belonging to the
same RFLP group were affiliated according to
the sequences of the representative clones.
At the level of bacterial division or family,
sectors represent the percentages of each
group of the total number of clones in each
library. Smaller circles represent the
abundances of clones belonging to different
families within the divisions Bacteroidetes (up)
and Firmicutes (down), with respect to the
total of clones from these divisions.
Labels are as follows: A, Actinobacteria;
B, Bacteroidetes; F, Firmicutes;
P, Proteobacteria.
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chia (33%) and Bacilli (family Streptococcaceae, 3.2%).
Bacterial phylogeny in the ‘Obese’ library included the
phylum Actinobacteria (2.2%) and Bacteroidetes
members (3.2%). The ‘Lean’ microbial community was
more diverse, and a shift to Clostridium cluster IV
members in the class Clostridia was observed. Represen-
tatives of the Ruminococcaceae lineage (33.5%) were
more abundant than were Lachnospiraceae (19.4%), fol-
lowed by unclassified Clostridiales (4.1%), Christensenel-
laceae (2.9%) and Peptococcaceae (0.8%). The phylum
Firmicutes was completed with representatives of the
class Bacilli (Lactobacillaceae, 0.8%) and Acidaminococ-
Fig. 2. Dendrogram of the 16S rDNA gene clones (OPUs). Clones are designated as ‘O’ (red), ‘L’ (blue), or ‘LO’ (green) for ‘Obese’, ‘Lean’, or
‘Lean’/‘Obese’ microbiota respectively. The tree was calculated with nearly complete reference sequence data obtained from EMBL and RDP
databases. Closest type strains or isolates of each OPU were added. The number of sequences contained in each OPU is specified. Bacterial
lineages are as follows: A, Actinobacteria; Ac, Acidaminococcaceae; Ar, Archaea; B, Bacteroidetes; b, Betaproteobacteria; C, Clostridiaceae;
Ch, Christensenellaceae; d, Delta-proteobacteria; E, Erysipelotrichaceae; L, Lactobacillaceae; Lc, Lachnospiraceae; P, Peptococcaceae; R,
Ruminococcaceae; S, Streptococcaceae; uC, unclassified Clostridiales; uF, unclassified Firmicutes.
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caceae family (2.9%). Relatively few representatives of
Proteobacteria were detected (2.4%), and these
branched into Betaproteobacteria and Deltaproteobacte-
ria. Finally, ‘Lean’ and ‘Obese’ libraries shared 8 OPUs
populated by the Prevotella copri, Alistipes putredinis,
Eubacterium siraeum, Eubacterium fissicatena, Turici-
bacter sanguinis, Ruminoccous obeum and Faecalibacte-
rium prausnitzii clades.
Due to the clear shifts in community structure detected
among the faecal samples taken from obese and lean
individuals, it is important to compare the metabolically
active bacteria and to establish the ‘presumptive’ meta-
bolic capabilities that characterized them, which was
further evidenced by using a metaproteomic survey.
Active faecal microbiota in lean and obese guts
Using a complementary approach, DNA was sequenced
using a Roche GS FLX DNA sequencer. Pyrosequencing
of the metagenomes produced raw DNA sequences that
were assembled into 11.9 Mbp (15 319 contigs) and
10.7 Mbp (13 206 contigs) for ‘Lean’ and ‘Obese’ micro-
bial metagenomes respectively. Further information
regarding the metagenome features is given in Table 2.
With a threshold of greater than 95% identity and an
aligned length of more than 150 bp, the majority of pre-
dicted genes in the metagenomes could be phylogeneti-
cally assigned, the analysis of which returned results
comparable to those found in the 16S rDNA assignments
at the phylum level, i.e. most fragments were assigned to
Bacteroidetes and Firmicutes in ‘Lean’ and ‘Obese’
respectively (data not shown). A total of 21 230 (for ‘Lean’)
and 18 099 (for ‘Obese’) protein-coding sequences (CDS)
were predicted. Approximately half of the predicted genes
(‘Lean’: 10 176; ‘Obese’: 8714) were assigned to clusters
of orthologous groups (COG) protein families, and
approximately 70% were assigned to Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways (Table 2).
Neither the COG nor the KEGG profile exhibited promi-
nent overall differences (data not shown), and among the
CDS predicted, 7831 (or 37%) and 6054 (or 33%) were
unique for the ‘Lean’ and ‘Obese’, respectively, whereas
25 444 formed a common set. With a maximum E-value
criterion of 10-5 and an alignment length of 75% minimum,
21% and 22% of the ‘Lean’ and ‘Obese’ sequences,
respectively, had no sequence similarity; these numbers
are in consonance with previous studies, in which almost
20–25% of all recognized proteins in human gut micro-
biomes were classified as ‘hypothetical proteins’ as they
did not belong to well-characterized protein families
(Kurokawa et al., 2007; Verberkmoes et al., 2009; Ellrott
et al., 2010; Qin et al., 2010). Additionally, c. 30% and
48% were similar to proteins of unknown function (‘con-
served hypothetical’), which is typical in metagenomic
projects (Sleator et al., 2008). Thus, an important fraction
of the microbiomes remains unknown, and their metabo-
lisms are difficult to unravel.
Using a complementary approach, the metaproteomes
of ‘Lean’ and ‘Obese’ were investigated via one-
dimensional (1-DE) gel-based pre-separation of proteins
and subsequent tryptic digestion, fractionation and iden-
tification of the resulting peptides by a nano-UPLC system
coupled to an LTQ-Orbitrap mass spectrometer. The DNA
metagenome sequences and a database containing
sequence information of human-associated microbes
(Rooijers et al., 2011) were used as templates. A total of
613 proteins were unambiguously quantified (Table S1)
following the criteria described in Experimental proce-
dures, of which 71 were ‘Lean’ specific, 37 were ‘Obese’
specific and 505 formed a common set. The number of
identified proteins is within common ranges that have
been observed for other human gut-associated commu-
nities and is only three times lower than that observed for
cultivable organisms. For example, more than 200 protein
spots were visualized in 2D gels of proteins collected from
faecal samples of infants (Klaassens et al., 2007), and by
using shotgun proteomic approaches 600–900 proteins
were identified in two faecal samples collected from two
healthy female identical twins (Verberkmoes et al., 2009)
and 1790 in three healthy, omnivorous females (Kolmeder
et al., 2012). The identified proteins only capture a portion
of the predicted coding capacity of the intestinal micro-
biome; however, as the majority of the spectra could be
assigned to a taxonomic and functional annotation based
on highly similar homologues, the metaproteomic
approach applied here allowed us to compare taxonomic
annotations to evaluate the differences between the con-
tributions of particular groups of organisms to the global
community, that is, to identify metabolically active
members, and to predict the importance of particular sets
of proteins and the microbes containing them for the
Table 2. General features of the metagenomes of the human faeces
from ‘Lean’ and ‘Obese’ subjects.
Parameter ‘Lean’ ‘Obese’
Size (bp) 11 889 690 10 731 170
Contigs 14 607 12 074
Average contig size (bp) 814 889
Average GC content (%) 48.59 44.48
Protein-coding genes (CDS) 21 230 18 099
Average CDS size (bp) 470 456
tRNAs 164 186
rRNAs 80 74
Total RNAs 244 260
ORFs with predicted function 10 614 9 122
Hypothetical 4 347 3 525
Conserved hypothetical 6 269 5 452
Assigned to COGs 10 176 8 714
KEGG 14 684 12 322
Metaproteomic insights associated to human obesity 215
© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 15, 211–226
overall functioning of the community. Moreover, a label-
free quantification based on protein intensities has been
adopted to quantify the relative abundance of proteins in
analysed shotgun proteomic data.
To ascertain which bacteria were responsible for the
observed protein expression, we determined their taxo-
nomic assignments as described in Experimental proce-
dures. As illustrated in Fig. 3A, the compositions of active
bacteria for the ‘Lean’ and ‘Obese’ samples were clearly
different. In the ‘Lean’ sample there are mainly proteins
assigned to Bacteroidetes (81%), albeit this phylum rep-
resents only about 20% (based on 16S rDNA) of the total
community (Fig. 3A), followed by those assigned to Firmi-
cutes (12%) and, to a minor extent, Actinobacteria and
Proteobacteria (approximately 3% in total). In the ‘Obese’
sample the major taxa responsible for protein expression
was Firmicutes phylum (56%) in agreement with its domi-
nance in the total bacteria (94% 16S rDNA). Active
Bacteroidetes (42%) are almost equally abundant, with
Actinobacteria and Proteobacteria accounting for only
1.7% of the total hits; the shift towards active
Bacteroidetes members in ‘Obese’ was noteworthy as
they account only 3.2% of the total community (Fig. 3A).
This suggests that minor bacterial taxa may play a signifi-
cant active role in overall ‘Lean’ and ‘Obese’ gut metabo-
lisms, with Bacteroides members possibly playing a major
active role in both ‘Lean’ (rDNA/protein abundance ratio of
1:4) and ‘Obese’ (rDNA/protein abundance ratio of 1:13)
guts. At the genus level, proteins attributed to Prevotella
and Bacteroides predominated (59% and 20% respec-
tively) in the ‘Lean’ gut, whereas the ‘Obese’ gut was
mainly dominated by active Bacteroides and Eubacterium
members (33% and 30% respectively) (Fig. 3B).
The identification of the different active members
in both individuals may be of important significance as,
in the gut ecosystem, few studies have focused on
metatranscriptomics and metaproteomics to provide infor-
mation on metabolically active bacteria and associated
proteins in faecal samples, any of them related to obese-
lean comparisons. Turnbaugh and colleagues (2010)
focused on the gene expression analysis of faecal samples
from a monozygotic twin pair, whereas Booijink and col-
Fig. 3. Phylogenetic classification based on phylogenetic and metaproteome analysis.
A. Taxonomic bins for bacterial 16S rDNA gene sequences (OPUs) and phylogenetic categories at the phylum level of proteins that were
identified in the metaproteomes (as shown in Table S1).
B. Phylogenetic categories at the genus level of proteins that were identified in the metaproteomes (as shown in Table S1). Assignments were
performed as described in Experimental procedures.
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leagues (2010) and Gosalbes and colleagues (2011)
studied the faecal metatranscriptome of healthy volunteers
using cDNA-AFLP or pyrosequencing respectively. It was
found that the two bacterial phyla, Firmicutes (c. 50%) and
Bacteroidetes (c. 30%), provided the largest number of
16S rRNA transcripts. More recently, a metaproteomic
analysis of three healthy, omnivorous female subjects,
revealed Firmicutes phylum as the most active one (60–
86% of assigned spectra) as compared with Bacteroidetes
(6–11%) (Kolmeder et al., 2012). Therefore, the taxonomic
classification of the active microbiota in faeces from the
‘Lean’ sample herein investigated seems to differ from that
reported for other human faecal samples.
Functional activities of the microbial communities in
lean and obese guts
Among the 613 proteins identified and quantified, only 86
were characterized as hypothetical, predicted or putative
in the annotation. A total of 505 proteins were identified in
both samples and exhibited an exponential distribution
(Fig. 4), with the relative intensities of 144 (from 619- to
2.8-fold) and 191 (from 852- to 3.1-fold) proteins being
significantly higher in ‘Lean’ and ‘Obese’ respectively. This
clearly indicated that both communities displayed consid-
erable heterogeneity in terms of protein expression, in
accord with their distinct phylogenetic compositions
(Figs 1 and 2). As shown in Table S1, the ten most abun-
dant proteins in ‘Lean’ were five outer membrane proteins
most likely involved in siderophore/ion/sugar binding and
transport, one pectate lyase yielding oligosaccharides
from galacturonan, and enzymes involved in glycolysis
such as aldose 1-epimerase. Among the proteins found
only in ‘Lean’, we identified 5 rubrerythrin/rubredoxins
(ferritin-like diiron-binding domain proteins). The physi-
ological role of rubrerythrins, which have also been iden-
tified in faecal samples from healthy female identical twins
(Verberkmoes et al., 2009), has not been identified;
however, they have been shown to be protective against
oxidative stress. A superoxide dismutase, also involved in
the oxidative stress response, was also found among the
proteins exclusive to ‘Lean’. In contrast, the 10 most
abundant microbial proteins in ‘Obese’ included an a-L-
arabinofuranosidase involved in yielding oligosaccharides
from arabinans and xylans, the large (a) subunit of B12-
dependent diol dehydratase, possibly involved in 1,2-
propanediol metabolism, two outer membrane transport
proteins, most likely involved in siderophore/ion/sugar
binding and transport, a b-subunit DNA-directed RNA
polymerase, a fibronectin type 3 domain-containing
Fig. 4. Normalized intensity distribution of proteins that were identified in ‘Obese’ (left) and ‘Lean’ (right) human distal gut metaproteomes.
Graphs represent the normalized intensities per each of the identified proteins calculated as described in Experimental procedures, using an
artificial metagenome based on a set of bacterial and archaeal genomes listed by Rooijers and colleagues (2011) (upper panels) or the
metagenomic data from the ‘Obese’ and ‘Lean’ samples (lower panels). For details see Table S1.
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protein possibly involved in cell adhesion (Jee et al.,
2002), an IM30-like phage shock protein A that has been
demonstrated to maintain the energetic state of the mem-
brane under stress conditions (Kleerebezem et al., 1996;
Kobayashi et al., 2007), and an orotidine 5-phosphate
decarboxylase, an enzyme essential to the de novo bio-
synthesis of the pyrimidine nucleotides. Among those
exclusively found in ‘Obese’, the identifications of a CbiK
anaerobic cobalt chelatase and a flagellin superfamily
protein were noteworthy, and the biological significance of
these proteins will be discussed below.
To predict the metabolic potential and to look for sig-
nificantly over- and under-represented COGs and pro-
teins, a comparative analysis was further used. COG
profiling analysis (Fig. 5 and Table S1) demonstrated
similarities between both communities, as it has also
been reported previously when trying to define a
common core microbiota between different subjects (Gill
et al., 2006; Kurokawa et al., 2007). In both cases, the
overall COG distribution exhibited a uniform pattern with
a high representation of COGs classified into the ‘Car-
bohydrate Metabolism’, ‘Amino Acid Transport and
Metabolism’, ‘Nucleotide Transport and Metabolism’ and
‘Energy Production and Conversion’ groups; however,
clear differences were observed that characterized the
‘Obese’ gut, that will be discussed below. Significant
over-representations of proteins from COGs for ‘Cell
Motility’ and, to a lesser extent, ‘Lipid transport and
metabolism’ and ‘Translation, ribosomal structure and
biogenesis’ were remarkable. Only COG proteins
assigned to ‘Nucleotide Transport and Metabolism’ were
more abundant in the ‘Lean’ gut.
Shifts associated to potential microbes–host interacting
components such as flagellin and pili
The striking abundance [log2 of the ratios of average
intensities (‘Obese’/‘Lean’) from 3.1 to 5.5) of 3 pili-
formation proteins and 5 proteins containing the flagellin
domain within the ‘Cell motility’ category was noteworthy
in the ‘Obese’ microbiome, and a flagellin (Tad-like)
superfamily protein was also determined to be ‘Obese’
specific (Fig. 6). Three of these proteins were assigned
to Bacteroides and 6 to Firmicutes. Additionally, a
glycoprotein containing the fibronectin type 3 domain,
most likely involved in binding extracellular matrix compo-
nents, such as collagen, fibrin and proteoglycans, was
also detected at a significantly higher level in the ‘Obese’
gut [log2(‘Obese’/‘Lean’) of 8.1]. No representative of pro-
teins belonging to the ‘Cell Motility’ COG category was
identified in the ‘Lean’ metaproteome. The intestinal
flagellin may provide microbes the capacity to be motile,
allowing them to better reach their food sources, namely
carbohydrates (O’Connell Motherway et al., 2011;
Kolmeder et al., 2012). The fact that the ‘Obese’ gut may
contain a higher amount of carbohydrates may explain
flagellin genes being expressed; however, the possibility
that abnegation of motility may be an adaptation mecha-
nism of gut microbes to persist in the intestinal environ-
ment, as flagella are highly immunogenic, cannot be ruled
out. In this context, it has been recently reported that the
abundances of genes for the biosynthesis of flagella and
chemotaxis in wean-type microbiota are greater than the
abundances in adult microbiota (Kurokawa et al., 2007).
Therefore, this study provided experimental evidence that
suggests that not only age but also obesity may be driving
forces for lowering or improving cell motility and adhesion
and, thus, host colonization and persistence in the human
gut. Additional large-scale comparative studies of faecal
samples from different individuals may be required to
further confirm this hypothesis.
Shifts associated to microbes-mediated biosynthesis
of vitamins
In the COG category ‘Coenzyme transport and metabo-
lism’, which was shown to be twofold enriched in the
‘Lean’ gut, distinct ‘presumptive’ capacities for the produc-
tions of vitamin B6 and B12 were observed that differentiate
the microbial communities residing in ‘Lean’ and ‘Obese’
guts respectively (Fig. 6). This was shown by the identifi-
Fig. 5. COG distribution of the proteins detected in the
metaproteomes of ‘Lean’ and ‘Obese’ human distal gut samples.
The COG functional category distribution, based on the identified
proteins assigned to particular groups (see details in Table S1), is
visualized. COG categories as follows: C, energy production and
conversion; D, cell division and chromosome partitioning; E, amino
acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H,
coenzyme metabolism; I, lipid metabolism; J, translation, ribosomal
structure and biogenesis; K, transcription; M, cell envelope
biogenesis, outer membrane; N, cell motility and secretion; O,
post-translational modification, protein turnover, chaperones; P,
inorganic ion transport and metabolism; R, general function
prediction only; S, Function unknown; T, signal transduction
mechanisms.
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cation of three pyridoxal biosynthesis lyases (PdxS) that
were expressed at higher levels in the ‘Lean’ as compared
with the ‘Obese’ gut [log2(‘Obese’/‘Lean’) from -2.0 to
-6.0); additionally, a functional partner of PdxS, phospho-
ribosylaminoimidazole carboxylase (catalytic subunit),
was found only in the ‘Lean’ gut. These proteins most
likely all binned to members of Prevotella. Both types of
proteins are essential in pyridoxine (vitamin B6) synthesis.
In the case of vitamin B12 biosynthesis, cobalt is inserted
into a macrocycle by a cobaltochelatase, which is specific
to either the aerobic (oxygen-dependent) or the anaerobic
pathway for cobalamin biosynthesis (Lobo et al., 2008).
The identification of two cobaltochelatases in the ‘Obese’
gut metaproteome, including one aerobic CobN-like
binned to a member of the Bacteroides genus
[log2(‘Obese’/’Lean’) of 4.2] and one anaerobic CbiK-like
binned to Eubacterium (only found in ‘Obese’), is note-
worthy. This suggests that in the ‘Obese’ gut, vitamin B12
most likely is biosynthesized by two distinct active path-
ways. Possibly, different members of the community are
able to complement each other in an aerobic-anaerobic
inter alia association for the synthesis of host-important
molecules, such as cofactors and vitamins. Although a
study with greater statistical power may be required for
further interpretation, our results suggest that the biologi-
cal production of vitamins and the uptake of key metals
such as Co2+ through microbes in the human gut may be
affected positively or negatively in lean and obese indi-
viduals. This is important because animals are not
capable of synthesizing vitamin B12 (among other vita-
mins), and only bacteria have the enzymes required for its
synthesis. Altered capacity for its production may have
additional biological implications, including host health
and the activation or deactivation of B12-dependent
enzymes (Rodionov et al., 2003). This is in agreement
with previous observations that reported higher levels of
propionate in obese subjects and that propionate fermen-
tation is mediated by a B12-dependent methylmalonyl-CoA
mutase (Schwiertz et al., 2010). Our results also agree
with previous observations that demonstrated that the
distal gut microbiomes of healthy adults are enriched with
a variety of COGs involved in the synthesis of essential
vitamins, including B1 and B6 (Gill et al., 2006); however,
our study provides further experimental evidences that
suggest that in lean and obese individuals the biosynthe-
sis of multiple vitamins and, in turn, their contributions to
the overall gut metabolism, may be altered at different
levels through the enrichment or depletion of set of
Fig. 6. Relevant proteins detected in the metaproteomes of ‘Lean’ and ‘Obese’ human distal gut samples with significant abundance changes.
Full details of identified and quantified proteins are provided in Table S1. Graph represent the logarithms of the ratios to the base of 2 of the
normalized intensities per each of the identified proteins calculated as described in Experimental procedures. For upregulation of protein
expression in the ‘Obese’ environment, a threshold of at least 1.5 in the ratio value was set; for downregulation, a maximum value of -1.5 was
set. Protein ID as described in Table S1: R refers to protein identified using an artificial metagenome based on a set of bacterial and archaeal
genomes listed by Rooijers and colleagues (2011), and M refers to proteins identified using the metagenomic data. Protein names as follows:
PilW, type IV pilus biogenesis/stability protein; FlgL, flagellar hook-associated protein; TadD, Flp pilus assembly protein; CbiK, anaerobic cobalt
chelatase; PduB, 1,2-Propanediol utilization protein B; CobN, cobaltochelatase subunit CobN; PdxS, Pyridoxal biosynthesis lyase. H,
coenzyme metabolism; G, carbohydrate transport and metabolism; I, lipid metabolism; N, cell motility and secretion; M, cell envelope
biogenesis, outer membrane.
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enzymes. Taken together, these results agree with a
recent study by Greenblum and colleagues (2012), which
through a ‘metagenomic system biology’ approach has
revealed gain or loss of certain peripheral metabolic
enzymes and that lean and obese microbiomes differ
primarily in their interface with the host in the way they
interact with host metabolisms, as has been also evi-
denced here (i.e. vitamin metabolic network between gut
microbes–host).
In relation to the synthesis of vitamin B12, the identifica-
tion of a Firmicutes-binned 1,2-propanediol utilization
protein, a PduB protein, in the ‘Obese’ should also be
highlighted (Fig. 6). The pdu genes have been shown to
be contiguous and co-regulated with the cobalamin (cob)
(B12) biosynthetic genes, indicating that propanediol
catabolism is the primary reason for de novo B12 synthesis
in some organisms (for details see Bobik et al., 1999 and
references therein). The enzymes of the propanediol uti-
lization (pdu) operon may work during either aerobic or
anaerobic growth (Krooneman et al., 2002), which also
agrees with the aerobic and anaerobic features of the two
cobalt chelatases identified in the obese microbiome (see
above) and suggests the presence of at least two distinct
active bacteria operating in vitamin B12 synthesis, which is
also important for 1,2-propanediol utilization. The PduB
proteins have been shown to be involved in the formation
of polyhedral bodies that contain genes (i.e. dehydrates)
devoted to 1,2-propanediol degradation, and their roles in
protecting essential proteins from oxygen and in bacterial
survival and niche establishment have been reported
(Krooneman et al., 2002). This agrees with the further
identification of the small and large subunits of 1,2-
propanediol dehydrates and a phosphate propanoyltrans-
ferase in the ‘Obese’ metaproteome (Fig. 6) and suggests
the presence of 1,2-propanediol-fermenting, facultative
anaerobic and hetero-fermentative bacteria in the ‘Obese’
gut.
Shifts associated to microbes-mediated hydrolysis and
fermentation of dietary-fibre or host-derived glycans
Butyrate kinase was the most highly enriched COG in a
human gut metagenomic study by Gill and colleagues
(2006) after examining DNA sequences obtained from the
faecal DNA of two healthy adults. Although we did not
identify butyrate kinases in the shotgun metaproteomes,
we did find that three 3-hydroxybutyryl-CoA dehydratases,
two butyryl-CoA dehydrogenases and two thiolases
(acetyl-CoA acetyltransferases), all possibly involved in
butyrate metabolism, had relatively higher expression
levels in the ‘Obese’ microbiome [log2(‘Obese’/’Lean’)
ranging from 1.9 to 7.2 and one specific; Fig. 6]. These
proteins contributed to the approximate fourfold over-
abundance of proteins within the ‘Lipid transport and
metabolism’ category (Fig. 5). The high abundance of
butyryl-CoA dehydrogenases, also reported in healthy
female identical twins (Verberkmoes et al., 2009), is note-
worthy. Butyrate producers that colonize the human gut are
strict Firmicutes (anaerobes), with the two most abundant
groups being related to Eubacterium rectale/Roseburia
spp. and to Faecalibacterium prausnitzii. Accordingly, all
proteins possibly involved in butyrate metabolism herein
identified in the ‘Obese’ gut most likely binned to Firmicutes
members, such as Eubacterium. The activation of butyrate
production in the ‘Obese’ microbiome, which may be linked
to dietary polysaccharide fermentation, may have practical
beneficial implications, as butyrate is thought to play an
important role in maintaining colonic health in humans as
the major source of energy to the colonic mucosa (Louis
and Flint, 2009).
In both microbiomes, there were over-representations
of proteins belonging to the COG classified as ‘Carbohy-
drate Transport and Metabolism’, with 32 (for ‘Lean’) and
48 (for ‘Obese’) proteins identified (Fig. 5 and Table S1).
In both cases, abundances and high expression levels of
proteins involved in xylose, arabinose, glucose, galactose
and mannose metabolism were observed, in agreement
with the fact that xylan-, pectin- and arabinose-containing
carbohydrate structures are among those commonly con-
sumed by humans (Gill et al., 2006). Among these, 6 and
12 distinct glycosyl hydrolases (and a number of enzymes
acting against the produced oligosaccharides) were iden-
tified in ‘Lean’ and ‘Obese’ metaproteomes respectively
(Table S1). All ‘Lean’ proteins binned to Prevotella
members of the Bacteroides phylum, whereas among the
proteins identified in the ‘Obese’ (see Table S1), the
majority (~ 90%) binned to Firmicutes members, espe-
cially to Ruminococcus. This shift is also observed when
examining the proteomic signatures in relation to the
uptake and hydrolysis of cellobiose. Two cellobiose phos-
phorylases were identified, including one ‘Lean’ specific
and one that was more abundant in the ‘Obese’ gut
[log2(‘Obese’/‘Lean’) of 1.95] (Fig. 6). Whereas the
first enzyme binned to a Prevotella member of the
Bacteroides phylum, the second binned to a Faecalibac-
terium member of the Firmicutes phylum. Taken together,
the results provided evidences that suggest that different
metabolically active bacterial members in ‘Lean’ and
‘Obese’ microbiomes mediate similar functions, in agree-
ment with previous investigations that associated cellu-
lolytic activity to different bacterial groups (Turnbaugh
et al., 2010). It is also worth mentioning the identification
of a putative GT1-glycogen phosphorylase and an HPr
kinase/phosphorylase that were more abundant in the
‘Obese’ gut [log2(‘Obese’/‘Lean’) from ~ 5.0 to 7.0]. These
enzymes, together with other oligosaccharide phosphory-
lases, catalyse the breakdown of oligosaccharides
[i.e. glycogen (from host tissue), starch or maltodextrins]
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into glucose-1-phosphate units and are thus important
enzymes in carbohydrate metabolism. Additionally,
several COGs responsible for fucose (most likely originat-
ing from host mucus) utilization are enriched in the human
gut microbiome (Gill et al., 2006). This is also supported
by this investigation: 4 distinct L-fucose isomerases were
identified in both ‘Lean’ and ‘Obese’ guts (2 hits each)
(Table S1), thus providing experimental evidence that
fucose is an attractive and accessible source of energy for
members of the microbiome – in particular, Bacteroides in
the ‘Lean’ gut and Firmicutes in the ‘Obese’ gut (as dem-
onstrated by binning analysis of the corresponding protein
sequences) (Table S1).
Presence of other proteins in lean and obese guts
Additionally, a number of proteins were identified in both
‘Lean’ and ‘Obese’ guts (Table S1), including glutamate
dehydrogenases (12), aminotransferases such as
ornithine/acetylornithine (9) and phosphoserine ami-
notransferases (3), lactate dehydrogenase (1) and phos-
phoenolpyruvate carboxykinases (4), most likely playing
roles as electron sinks and in gluconeogenesis, pyruvate-
formate lyases (4), which are spread in anaerobes and
convert pyruvate to acetyl-CoA and formate, and GroEL
chaperonins (9) and a NifU protein with chaperone func-
tion (1). This set of proteins has also been reported as
being expressed in the guts of healthy adults (Kolmeder
et al., 2012), which corroborates their relevance in human
gut microbiomes in both ‘Lean’ and ‘Obese’ individuals.
Conclusions
The human distal gut is a metabolically active organ that
consumes a considerable amount of energy; when the
food supply, and thereby the energy supply, is modified,
structural and functional changes occur rapidly with con-
sequences that have been suggested to modulate path-
ways controlling the overall metabolism. Global changes in
microbial diversity have been visualized by a number
of approaches, but a complete understanding of this
process from a functional point of view remains to be
achieved. Here, cultivation-independent metagenomic,
shotgun metaproteomic and 16S rDNA assessments were
employed to deduce correlations between metabolic
potential and phylogenetic, genomic and proteomic blue-
prints of the microbial communities active in faecal
samples from one ‘Lean’ and one ‘Obese’ adolescent. Our
metagenomic approach revealed that the putative origins
(at the phylum level) of genes encoded by the recovered
DNA fragments were in accordance with the observed 16S
rDNA gene diversity and reflected the expected range of
organisms that thrive in gut environments. A few ecological
and metabolic clues can be correlated to differences in
bacterial lineages defined by full-length 16S rDNA
sequences and proteins identified by shotgun proteomics.
Thus, there was a drastic change in total and active micro-
bial community. For active bacteria, Firmicutes and
Bacteroidetes represent both the most active phyla in
‘Obese’ gut, whereas a clear shift towards active
Bacteroidetes was observed in ‘Lean’. Furthermore, our
data suggest that the ‘Obese’ gut contains a subset of
specialized primary Firmicutes degraders that use pili and
fibronectin domain-containing proteins to adhere tightly to
substrates and/or host tissues. Accordingly, recent in vitro
studies showed that the colonization of starch by human
microbiota was mainly performed by Eubacterium rectale
and Ruminococcus bromii (Leitch et al., 2007), whose
clade members account for 20% and 4% in the ‘Obese’ and
‘Lean’ libraries respectively. Moreover, many of these bac-
teria are hydrogen producers that, in association with an
acetogen, use hydrogen to produce acetate (Chassard
and Bernalier-Donadille, 2006). The production of fermen-
tation products from released oligosaccharides is distrib-
uted among many clostridial clusters; however, an
abundant group of butyrate producers belongs to Rose-
buria and Faecalibacterium genera (acetate converters)
and to Eubacterium halii and Anaerostipes caccae
(acetate and lactate converters) that are also hydrogen
producers (Flint et al., 2007). Although no differences in
the abundance of butyrate producers were found between
our samples at the level of 16S rDNA, the net functional
activation of butyrate metabolism and acetogenesis (OPU
41, Clostridium ruminantium clade) was only observed in
the ‘Obese’ library. These data suggest that the ‘Obese’
faecal ecosystem provides a more efficient cross-feeding
interaction between consortia members for dietary
polysaccharide fermentation. Finally, this study should be
of special interest in defining the roles of individual func-
tional microbial pathways in human metabolism, as differ-
ences in vitamin biosynthetic pathways were observed on
several levels in ‘Lean’ and ‘Obese’ gut microbiomes.
Furthermore, this study provides experimental evidence
that the functional roles of bacterial members can be
interchanged in ‘Lean’ and ‘Obese’ gut microbiomes to
produce stable functional communities depending on the
food (or energy) supply. Accordingly, gut microbial commu-
nities may display a higher metabolic plasticity than previ-
ously assumed. The study herein reported for two
individuals highlights the importance of integrated metage-
nomic and metaproteomic approaches, towards unravel-
ling the dynamics and mechanisms underlying the
response of intestinal microbiota to obesity. This is of
special significance as we know that most research relied
on indirect evidence from DNA-based approaches that fail
to provide information on actual protein synthesis. Further
studies investigating different (un)related individuals and
alternative integrated meta-omic approaches, such as
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metatranscriptomic and metametabolomic, should be
required to ascertain the metabolic consequences in rela-
tion to obesity.
Experimental procedures
Subjects, anthropometric measures and
biochemical analyses
Subjects for the study were selected according to their body
mass index [BMI; weight (kg) height (m)-2] from the panel of
adolescents collected during the course of the EVASION
study (Nadal et al., 2009; Santacruz et al., 2009). The study
was designed to develop a multidisciplinary obesity treatment
programme that was assessed and controlled by Paediatric
services in Spain. The study was approved by the local ethics
committees and was conducted in accordance with the
ethical rules of the Helsinki Declaration (Hong Kong revision,
September 1989), following the EEC Good Clinical Practice
guidelines (document 111/3976/88 of July 1990) and current
Spanish law, which regulates clinical research in Humans
(Royal Decree 561/1993 regarding clinical trials). Written
informed consent was obtained from all participants and their
parents. The subjects had not been subjected to any antibi-
otic treatments, dietary interventions, or specific diets for at
least 1 month prior to sampling and considered themselves
healthy. Overweight (including obesity) in participants was
determined according to the International Obesity Task Force
criteria defined by Cole and colleagues (2000). Fasting
plasma glucose and insulin, uric acid, total cholesterol, trig-
lycerides, and HDL and LDL cholesterol levels were mea-
sured in obese subjects as described in Nadal and
colleagues (2009). Individuals designated ‘Lean’ (lean ado-
lescent) and ‘Obese’ (obese subject) were the focus of our
study. The anthropometric and clinical characteristics of both
adolescents are as follows: sex (‘Lean’: female; ‘Obese’:
male), Age (‘Lean’: 15 years; ‘Obese’: 15 years), weight
(‘Lean’: 63.1 kg; ‘Obese’: 102.7 kg), Height (‘Lean’: 165 cm;
‘Obese’: 171 cm), BMI (kg m-2) (‘Lean’: 23.18; ‘Obese’:
35.12), fasting glucose (mg dl-1) (‘Lean’: n.d. – not deter-
mined; ‘Obese’: 80), fasting insulin (pg ml-1) (‘Lean’: n.d.;
‘Obese’: 517), uric acid (mg dl-1) (‘Lean’: n.d.; ‘Obese’: 8.6),
total cholesterol (mg dl-1) (‘Lean’: n.d.; ‘Obese’: 198), HDL
cholesterol (mg dl-1) (‘Lean’: n.d.; ‘Obese’: 46), LDL choles-
terol (mg dl-1) (‘Lean’: n.d.; ‘Obese’: 118), and tryglicerides
(mg dl-1) (‘Lean’: n.d.; ‘Obese’: 172).
Faecal sample collection and preparation for
protein extraction
Fresh faecal samples were collected, immediately frozen at
-20°C and stored at -80°C until they were analysed. Faeces
were thawed, diluted in 0.05% L-cysteine PBS, pH 7.5, solu-
tion and vigorously mixed at 37°C for 10 min. After low-speed
centrifugation (2000 g, 15 min), the supernatant was col-
lected and centrifuged at 16 000 g for 5 min to precipitate
faecal bacteria. Faecal bacteria were further washed with
0.05% L-cysteine PBS, pH 7.5, solution and then centrifuged
at 16 000 g for 5 min. The resultant pellet of bacteria was
lysed in BugBuster Protein Extraction Reagent (Novagen,
Darmstadt, Germany) for 30 min at room temperature.
Faecal bacteria were treated with Lysonase Bioprocessing
Reagent (Novagen) for 1 h at 4°C, with further disruption by
sonication for 2.5 min on ice. The extract was then centri-
fuged for 10 min at 12 000 g to separate cell debris and intact
cells. The supernatant was carefully aspirated (to avoid dis-
turbing the pellet) and transferred to a new tube, and proteins
were precipitated by methanol-chloroform precipitation and
dry pellet stored at -80°C until they were analysed.
DNA extraction
DNA was extracted from faecal bacteria as described by
Zoetendal and colleagues (1998). Faecal samples of
100 mg each were homogenized in 1 ml of TN150 buffer
(10 mM Tris-HCl pH 8.0 and 150 mM NaCl) with 0.3 g of
glass beads (0.1 mm diameter) and 150 ml of buffered
phenol. Bacteria were disrupted with a mini bead beater at
5000 r.p.m. for 1 min at 4°C (Biospec Products, Bartlesville,
OK, USA). After centrifugation, genomic DNA was purified
from the supernatant with a GNOME DNA isolation kit (MP
Biomedicals, USA), quality-checked by agarose electro-
phoresis and spectrophotometrically quantified (NanoDrop,
Fisher Scientific, Spain).
DNA sequencing, assembly, gene prediction, annotation
and gene taxonomic assignments
Sequencing was performed with a Roche 454 GS FLX Ti
sequencer (454 Life Sciences, Branford, CT, USA) at Lifese-
quencing S.L. (Valencia, Spain), with one picotiterplate each.
Assembly was performed with Roche’s Newbler assembler v.
2.5.3 with default parameters. For the identification of 16S
rDNA gene partial sequences (with a length > 600 nucle-
otides), raw sequences were used.
Potential protein-coding genes were identified by using
MetaGene (Noguchi et al., 2006). Additionally, contigs without
ORF predictions by MetaGene were translated into artificial
reading frames and were then BLAST-searched against the
NCBI-nr database for similar sequences. Artificial translations
with similarities were further processed in the same way as the
predicted ORFs from MetaGene. Transfer RNA genes were
identified using tRNAScan-SE (Lowe and Eddy, 1997), and
ribosomal RNA genes were identified with Meta-RNA 1.0
(Huang et al., 2009). Annotation was performed with GenDB,
version 2.2 (Meyer et al., 2003), supplemented by the tool
JCoast, version 1.7 (Richter et al., 2008). For each predicted
ORF, observations were collected from similarity searches
against the sequence databases NCBI-nr, Swiss-Prot, KEGG
and genomesDB (Richter et al., 2008) and the Pfam (Bateman
et al., 2004) and InterPro (Mulder et al., 2005) protein family
databases. SignalP was used for signal peptide predictions
(Bendtsen et al., 2004), and TMHMM was used for transmem-
brane helix-analysis (Krogh et al., 2001). Predicted protein
coding sequences were automatically annotated by the
in-house software MicHanThi (Quast, 2006). MicHanThi pre-
dicts gene functions based on similarity searches using the
NCBI-nr (including Swiss-Prot) and InterPro databases. The
annotation of proteins highlighted within the scope of this study
was subject to manual inspection. For all observations regard-
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ing putative protein functions, an E-value cut-off of 10-4 was
standard. To evaluate the taxonomic consistency of the con-
served ORFs, all ORFs were tested by BLAST analysis for the
taxonomic distribution of best hits against a local genome
database (genomesDB; M. Richter, unpubl. data). Only hits
with an e-value below e-05 were considered significant. The
local genome database (genomesDB) provides a computa-
tionally well-defined environment of ~ 3000 published whole/
draft genome sequences of bacterial and archaeal origin, with
all ORFs of each genome carrying a unique ID. To allow
genome comparisons between specific user-defined groups,
all ORFs are assigned to the respective organism and meta-
bolic group. In contrast to the general purpose database
NCBI-nr, which contains every sequence ever submitted, the
focus of genomesDB is the association of every protein to their
taxonomic affiliation in a refined environment.
To identify potential metabolic pathways, genes were
searched for similarity against the KEGG database. A match
was counted if the similarity search resulted in an E-value
below 1e-5. All occurring KO (KEGG Orthology) numbers were
mapped against KEGG pathway functional hierarchies and
were statistically analysed. All predicted ORFs were also
searched for similarity against the cluster of orthologous
groups (COG) database (Tatusov et al., 2003). A match was
counted if the similarity search resulted in an E-value below
1e-5.
PCR amplification of 16S rDNA
Clone libraries were generated from total genomic DNA
extracted from faecal samples. Amplified PCR products of
16S rDNA obtained with universal primers 27f and 1492r
were purified and cloned using the pGEM-T cloning kit
(Promega, USA) followed by electroporation into Escheri-
chia coli XL1 Blue cells; the resulting clones were selected
according to the manufacturer’s recommendations. Initially,
the cloned inserts were amplified by PCR with vector
primers, digested with AluI, HaeIII and MspI restriction
endonucleases (New England BioLabs, Ipswich, MA) and
separated by electrophoresis in 3% (w/v) SeaKem LE
agarose (Cambrex, Wiesbaden, Germany). The RFLP
analysis showed that MspI restriction was the best classifier
for our samples; therefore, it was used to group the
selected clones. Clones exhibiting the same RFLP patterns
were grouped, and representatives from each group were
selected for sequencing. Full-length 16S rDNA sequences
of the selected clones were determined from plasmid DNA
preparations obtained using a Nucleospin plasmid kit
(Macherey-Nagel, Germany) and a BigDye terminator cycle
sequencing v3.1 kit (Applied Biosystems, Foster City, USA)
according to the manufacturers’ instructions.
Phylogenetic analysis of 16S rDNA
Full-length 16S rDNA sequences were compared with refer-
ence sequences from the EMBL Nucleotide Sequence Data-
base (Cochrane et al., 2006) using the FASTA algorithm
(Pearson and Lipman, 1988) and were subsequently aligned
with reference sequences using CLUSTALW. Sequences
were checked for chimeric artefacts using the CHECK_CHI-
MERA programme (Cole et al., 2003). Phylogenetic trees
were constructed with the MEGA programme (Tamura et al.,
2011) using the neighbour-joining distance method with ref-
erence 16S rDNA sequences and full-length sequences
obtained in this study.
1D-gel electrophoresis, mass spectrometry and
data analysis
Technical replicates of samples (herein referred as ‘Obese’-3,
‘Obese’-5, ‘Lean’-3 and ‘Lean’-5) were thawed on ice and
resuspended in 500 ml 20 mM Tris buffer (pH 7.5; 0.1 mg ml-1
MgCl2; 1 mM PMSF). Protein concentrations were deter-
mined using the Bradford assay. For 1-DE analysis, two rep-
licates of 50 mg of protein per sample [technical replicates
denoted by (a) or (b)] were precipitated with five volumes of
ice-cold acetone and were separated using a 12% acryla-
mide separating gel and the Laemmli buffer system. After
electrophoresis, protein bands were stained with colloidal
Coomassie Brilliant Blue G-250 (Roth, Kassel, Germany).
Entire protein lanes were individually cut into 7 bands, and
subsequent in-gel tryptic digestion was performed. Tryptic
digests of each band were desalted using the ZipTip C18
before MS analysis.
Peptides were analysed by UPLC-LTQ Orbitrap-MS/MS
as described in Bastida and colleagues (2010). The pep-
tides were eluted for 77 min over a 2–60% acetoni-
trile + 0.1% formic acid gradient. Continuous scanning of
eluted peptide ions was performed between 300–1600 m/z,
automatically switching to MS/MS CID mode on ions
exceeding an intensity of 2000. Raw data were further pro-
cessed with MaxQuantTM (version 1.2.18) (Cox and Mann,
2008). Raw data obtained from peptide samples originating
from the same lane on the 1DE gel were combined. The
databases searched were the provided metagenomic data
from the ‘Obese’ and ‘Lean’ samples and an artificial
metagenome based on a set of bacterial and archaeal
genomes listed by Rooijers and colleagues (2011). Settings
for MaxQuant: Peptide modifications given were methionine
oxidation as variable and cysteine carbamidomethylation as
fixed. Further settings were first search p.p.m. of 20, main
search p.p.m. of 6, maximum number of modifications per
peptide 5, maximum missed cleavages 2 and a maximum
charge for the peptide of 7. Parameters for the identification
were a minimum peptide length of 5 amino acids and 1%
false discovery rates for peptides, proteins and levels of
modification sites. A minimum of 2 unique peptides was
required for protein identification. Apart from unmodified
peptides, only peptides with oxidized methionine and car-
bamidomethylized cysteine were used for quantification.
Only unique or razor peptides were chosen for use in quan-
tification. Miscellaneous settings switched on were
re-quantified; low-scoring versions of identified peptides,
match between runs (time window of 2 min), label-free
quantification and second peptides were kept.
To analyse the data, intensities attributed to each identified
protein were divided by the number of peptides assigned to
the protein. Then, normalization was performed by dividing
these corrected intensity values by the median of all cor-
rected intensities from the same sample. The ratio of the
normalized intensities was calculated for each protein by
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dividing the mean of the normalized intensities from the
obese samples (‘Obese’-3a; ‘Obese’-3b; ‘Obese’-5a;
‘Obese’-5b) by the mean of the normalized intensities from
the lean samples (‘Lean’-3a; ‘Lean’-3b; ‘Lean’-5a; ‘Lean’-5b).
Ratio values were then calculated by taking the logarithms of
the ratios to the base of 2. For upregulation of protein expres-
sion in the ‘Obese’ environment, a threshold of at least 1.5 in
the ratio value was set; for downregulation, a maximum value
of -1.5 was set.
MIxS submission
Consistent contextual data acquisition for MIxS-compliant
submission using the environmental package ‘host-
associated’ was performed with JCoast v1.7.
Deposition of sequence data
Project has been registered as umbrella BioProject at NCBI
with the ID PRJNA88107 and PRJNA88153 for lean and
obese human gut metagenomes respectively. This Whole
Genome Shotgun project has been deposited at DDBJ/EMBL/
GenBank under the accession numbers AJWY00000000 and
AJWZ00000000, in the same order. The version described
in this paper is the first version, AJWY01000000 and
AJWZ01000000.
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version of this article:
Table S1. Proteins of ‘Lean’ and ‘Obese’ gut communities
identified and quantified by metaproteomic approach.
Protein annotations, tentative phylogenetic affiliations, COG
assignations and relative abundances are specifically
shown. Panel (A) ‘Proteins identified-quantified’ provide the
list of proteins identified using Rooijers and colleagues’
(2011) genome list database search and the pyro-
sequences provided in this study; Panel (B) ‘Proteins by
COG distribution’ provides the complete list of proteins dis-
tributed per COG and the relative abundance of each in
‘Lean’ and ‘Obese’ gut metaproteomes.
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Einleitung und wissenschaftlicher Hintergrund: Die Verdauung von 
Nahrungsmittelbestandteilen hängt wesentlich von der Aktivität der Darmflora ab und 
hat einen großen Einfluss auf die Gesundheit. Verschiedene Studien zeigten 
beispielsweise, dass das Mikrobiom in der Lage ist, unverdauliche Kohlenhydrate in 
kurzkettige Fettsäuren wie Butyrat, Acetat und Propionat zu verstoffwechseln. Trotz der 
Bedeutung der Struktur und der Funktionalität der Mikroflora für den Stoffwechsel des 
Wirts ist wenig über den Zusammenhang zwischen lokaler Flora in verschiedenen 
Darmabschnitten und dem Nahrungsangebot bekannt. Ein wesentlicher Teil der 
aktuellen Mikrobiom-Analysen beschäftigt sich mit der genetischen Vielfalt der 
Mikroflora auf der Basis von DNA-Untersuchungen. Die Einbindung von 
Metaproteom-Plattformen in die Charakterisierung des Mikrobioms führte seit 2004 zu 
einem tieferen Verständnis des funktionellen Mikrobioms. Insbesondere Ratten- oder 
Mausmodelle sind geeignet, um menschliche Stoffwechselerkrankungen zu imitieren, 
und können letztlich Einblicke in die lokale Mukosa-assoziierten Mikrobiota geben. Die 
Bestimmung des anatomisch strukturell gebundenen Darmmikrobioms in der Mukosa 
steht seit geraumer Zeit im Fokus wissenschaftlichen Interesses, da die kritische 
Bewertung von Stuhlproben und dessen Mikrobiom eine nur unzureichende Aussage 
über die Darmflora und deren Stoffwechselpotential zulässt. Die Bedeutung des fokalen 
Mikrobioms wird umso deutlicher, wenn man berücksichtigt, dass die physikalisch-
chemischen Bedingungen wie pH-Wert, Redoxpotential, die Sauerstoffkonzentration 
und der enzymatische Pool sich dramatisch entlang des gesamten Magen-Darm-Trakts 
verändern. 
Ziel: Die nachfolgenden tierexperimentellen Metagenom- und Metaproteom-
Untersuchungen im Rattenmodell fokussieren auf die Identifikation des Mukosa-
assoziierten Mikrobioms in Korrelation mit der fäkalen Mikrobiota. Die Studie zielt 
additiv darauf ab, die strukturelle und funktionelle Dynamik der Darmflora zu 
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entschlüsseln, um letztlich für den Stoffaustausch zwischen Mikrobiota und Wirt 
relevante Informationen ableiten zu können. 
Material und Methoden: Alle Ratten vom Typ Sprague-Dawley (Gewicht: ∼390g; 
Alter: 15 Wochen) wurden ad libitum mit handelsüblicher Pellet Chow-Diät (ssniff R/M 
V1534 Diät) gefüttert. Vor der Entnahme der Dickdarmschleimhaut und dessen 
assoziiertem fäkalem Mikrobioms wurden die Tiere in metabolischen Käfigen über 
einen Zeitraum von 24 Stunden gehalten und Stuhlproben gesammelt. Die Mukosa vom 
Duodenum, Jejunum, Ileum, Blinddarm, Zäkum, proximalen und distalen Kolon wurde 
separiert und mit Ausnahme des Blinddarms wurden die fäkalen Darminhalte von jedem 
Segment des Darms gesammelt. Die Segmente wurden quer zur Längsachse in 3 gleiche 
Abschnitte getrennt. Die Untersuchungen des Mikrobioms erfolgten in 3 verschiedenen 
experimentellen Analyseansätzen. Im ersten Experiment wurden die Proben der 
Darmschleimhaut aus dem Zwölffingerdarm sowie Dickdarm des proximalen und 
distalen Kolons nach Abtrennung der Mukosa mittels Spatel gesammelt. Im zweiten 
Experiment wurden die Darmproben (Duodenum, Jejunum, Ileum, Blinddarm, Zäkum, 
Kolon proximalen und distalen Kolon) und der Kot von drei Ratten analysiert. Zur 
vertiefenden Untersuchung wurden Kotproben den Mukosa-assoziierten Darmproben 
gegenübergestellt. Im dritten Experiment wurden explizit die Stuhlproben einer Ratte 
untersucht. Es erfolgte die Determinierung des Mikrobioms mittels Pyrosequenzierung 
von PCR-amplifizierten 16S-rRNA-Gen-Fragmenten. Die Bestimmung des 
Metaproteoms erfolgte durch vorherige Separierung des Proteingemischs mittels 1D-
Gelelektrophorese und anschließender Coomassie Brilliant Blue G-250 Färbung und 
Separierung in 5 Gelstücke. Nach tryptischem In-Gel-Verdau wurde das Proteingemisch 
mit einer UPLC-gekoppelten (C18 Säule; Waters) LTQ Orbitrap Velos MS/MS (Thermo 
Fisher Scientific) analysiert. Die identifizierten Peptidspektren wurden unter 
Verwendung der Proteome-Discover-Software gefiltert. Nur Peptide mit einer False 
Discovery Rate (FDR) von 0,05 oder niedriger wurden in der Auswertung 
berücksichtigt und lediglich Proteingruppen mit zwei Peptiden oder einem einzigartigen 
Peptid und einen Proteinwert von mindestens 40 wurden in der nachfolgenden 
statistischen Bewertung berücksichtigt. 
Ergebnisse: Insgesamt wurden 47346 Sequenzen (4734.6 ± 2071.1 Sequenzen pro 
Probe) identifiziert und im Datenbankabgleich konnten ca. 400 verschiedene Spezies 
sowohl in der Darmschleimhaut als auch im Kot ermittelt werden. Der Hauptteil der 
16S-rDNA-Gene konnte zu den Phyla Firmicutes, Bacteroidetes und Proteobakterien 
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annotiert werden. Die Metaproteom-Analyse ergab insgesamt 24 verschiedene 
bakterielle Phyla. Aufgrund der geringen Anzahl von identifizierten Proteinen für die 
Dünndarmabschnitte (Magen, Duodenum, Jejunum und Ileum) konnten keine 
umfassenden Erkenntnisse gewonnen werden. Es konnten nur wenige Proteine der 
Phyla Firmicutes, Proteo- und Bacteroidetes nachgewiesen werden. Die 
phylogenetische Vielfalt der Protein-Hits erhöhte sich im Dickdarmtrakt und den 
Kotproben signifikant. In der Darmschleimhaut des Blinddarms wurden 9%, im 
proximalen Kolon 47%, im distalen Kolon 15% und in den Kotproben 31,8 ± 3,4% 
Bacteroidetes nachgewiesen. Im Gegensatz dazu verminderte sich die Phyla der 
Proteobakter von 27% im Blinddarm zu 7% im distalen Kolon und 10 ± 2,8% im Kot. 
Der Vergleich zwischen dem Schleimhaut-Mikrobiom und der Zusammensetzung des 
Kots ergab nur eine geringe Übereinstimmung der Phyla und des funktionellen 
Mikrobioms. 
Schlussfolgerungen: Im Wesentlichen konnte durch die Anwendung einer 
Metaproteom-Plattform das funktionelle Mikrobiom in verschiedenen 
Darmschleimhautabschnitten ermittelt werden. Es zeigt sich die Notwendigkeit in 
zukünftigen Untersuchungen das Mikrobiom der Darmschleimhaut in den Fokus des 
wissenschaftlichen Strebens zu rücken, um Informationen zur Interaktion zwischen 
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ABSTRACT: The digestion of food ingredients depends on
the action of the gut microbiota and has a significant influence
on the health, especially in the case of metabolic diseases, of
the host organism. Despite the relevance of the structure and
functionalities in the microbiota for the metabolism of the
host, the spatial resolution of microbial consortia and the
functionalities in the different gut sections of the rat are mostly
unknown. Since there are suitable rat models for human
metabolic diseases, the microbiota of the rat is of special
interest. Samples along the intestinal tract of rats were
investigated using metaproteomics and 16S rRNA gene
pyrosequencing. The procedures for harvesting bacteria from the mucus and the content of the gut sections and feces were
optimized leading to 2802 nonredundant bacterial protein groups in total that were assigned to spectra measured by liquid
chromatography−tandem mass spectrometry. The majority of 16S rRNA genes and protein groups belonged to members of
Firmicutes, Bacteroidetes and Proteobacteria. The functionalities in the enzyme repertoire were compared between the mucus and
the content of the large intestine sections and the feces samples. This spatial resolution allowed pinpointing changes in the
community to specific metabolic capacities like carbohydrate transport and energy conservation. The results showed that the
mere analysis of feces samples reflects the functions of the gut microbiota only to a minor extent and sheds light on the metabolic
interchange between the microbiota and the host organism.
KEYWORDS: protein extraction, liquid chromatography−tandem mass spectrometry, metaproteomics, 16S rRNA gene pyrosequencing,
rat, gut microbiota
■ INTRODUCTION
The role of the gut microbiota on the health of higher
organisms became more obvious in the last few decades, and
because of the significant importance, the study of the microbial
community in the gut was the objective of several recent
studies.1−3 The microbial diversity of the intestinal tract is
essential for the host metabolism as, for example, complex
carbohydrates cannot be adsorbed by epithelial cells but are
used by microorganisms, which then provide short-chain fatty
acids like butyrate, acetate and propionate for the host.4,5
First attempts to characterize the microorganisms by
cultivation-based approaches were limited due to the low
fraction of cultivable species.6−9 In the recent past and by the
significant progress of molecular genetic approaches the
diversity of the intestinal microbiota became visible. Recent
studies described five major phyla to be hosted in the human
intestinal tract, namely Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria and Verrucomicrobia.1 Functional metagenomic
exploration of the human intestinal microbiota was reviewed by
Moore et al. (2011).10
In order to combine phylogenetic and functional information
in one analysis the metaproteome concept was established
some years ago.11 In the course of such an experiment the
proteins of a sample containing different species are either first
separated by protein gel electrophoresis or simultaneously
digested with proteolytic enzymes such as trypsin, and the
resulting peptides are analyzed by LC−MS/MS (reviewed in
12). The mass spectra are compared with genomic databases
resulting in sequence and phylogenetic information of the
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peptides and the respective source organisms. Hence both the
phylogenetic composition and actual enzymes are detected as
illustrated in examples targeting an acidophilic biofilm, a
methanogenic alkane-degrading consortium and a litter
degrading community.13−15
In the case of the mammalian gut microbiota metaproteomic
studies are to the best of our knowledge up to now mainly
based on fecal samples. Verberkmoes et al. (2009) published an
extensive shotgun proteome analysis of two human fecal
samples identifying 2214 nonredundant proteins using a
sequence database from metagenomes of two human distal
gut microbiomes plus genome sequences of Bacteroides and
other gut representatives.16 Rooijers et al. (2011) analyzed two
human fecal samples by a 1-DE, LC−MS/MS approach and an
iterative bioinformatics workflow resulting in about 5000
identified peptides.17 In both studies, the most abundant
proteins belonged to the COG classes of energy production,
carbohydrate metabolism and translation, respectively. Bacter-
oides spp. seemed to be the predominant genus in human fecal
samples as both studies showed this either based on
metaproteomic or metagenomic data. Similar results were
obtained by Li et al. (2011) showing that Bacteroidetes was the
major phylum in samples from the mucus of the human large
intestine based on 35 identified bacterial proteins.18 Besides the
low number of identified proteins, they showed clear changes in
the biogeography features along the colon sections. In contrast,
Kolmeder et al. (2012) recently described the dominance of
Firmicutes related proteins in the core metaproteome derived
from the analysis of fecal samples from different subjects.19
To deal with health-related objectives, rats are often used as
model systems. The phylogenetic diversity of fecal microbiota
from differentially treated rats was published by Manichanh et
al. (2010).20 They reshaped the intestinal microbiota by
transferring microbial biomass from donor rats to previously
antibiotic treated recipients. The comparison of the DNA
sequences showed a higher diversity of the microbiota in the rat
samples compared to human samples, a long-term effect of the
antibiotic treatment and an increased diversity after trans-
plantation of the microbiota, but no detailed investigation of
the microbiota associated with different gut sections was
done.20 In a metabolomic study topographical variations in the
rat gut were detected by 1H NMR spectroscopy.21 Clear
differences were found with respect to the distribution of
various metabolites, for example, amino acids, lactate, bile acids,
short chain fatty acids and carbohydrates, along the small and
large intestine.
These observations reinforced previous critical notions
whether studies based on fecal samples are able to reflect the
gut microbiota and their metabolic potential. Physicochemical
conditions like pH, redox potential, oxygen concentration and
enzymatic pools change dramatically along the entire gastro-
intestinal tract.1 Interactions between the host cells and the
microbiota located close to or within the mucus are of
significant interest and will not be reflected by fecal samples,
which contain significant fractions of dead or lysed microbial
cells. Thus, this study is aimed to decipher structural and
functional dynamics of rat gut microbiota, thereby deducing
information relevant for the metabolic exchange between
microbiota and host.
■ MATERIALS AND METHODS
Animal Handling
Male Sprague-Darwley rats (∼390 g, 15 weeks old) (Medical
Experimental Centre of Medical Faculty, University Leipzig)
were housed 3 rats/cage in a 12 h light/dark cycle. All rats were
fed ad libitum with standard commercial pellet chow diet (ssniff
R/M V1534 diet) and allowed free access to water. Experi-
ments followed the international guidelines for the prevention
of animal cruelty and were approved by the Landesdirektion
Leipzig, the local authority for animal care (TVV 32/11).
Rats were phenotypically characterized as shown in
Supporting Information Table S1. The body weight was
determined at age of 15 weeks. Moreover, body length of
animals was measured for calculating the body mass index
(BMI). Total cholesterol, HDL-cholesterol and free fatty acids
were analyzed using commercial quantification kits (Total
Cholesterol Assay Kit, Cell Biolabs Inc., CA; HDL Cholesterol
Assay Kit, Cell Biolabs Inc.; Free Fatty acid Quantification Kit,
BioVision, CA). Fasting plasma insulin was determined using
immunoassay kit (Rat Insulin ELISA Kit, Alpco Diagnostics,
Salem, NH). Fasting plasma glucose was analyzed during
intraperitoneal glucose tolerance test (ipGTT). IpGTT was
performed after an overnight fast by injecting the rats with 2 g/
kg body weight of a 20% glucose solution between 7:00 and
9:00 a.m. Blood glucose levels were measured after tail vein
incision at 0 (baseline), 15, 30, 45, 60, and 120 min after
injection using glucometer (GlucoCheck Excellent, aktivmed
GmbH, Augsburg, Germany). The HOMA-IR (homeostatic
model assessment of insulin resistance) was calculated by
multiplying fasting plasma glucose (mmol/L) by fasting plasma
insulin (ng/mL) divided by 22.5 according to the method
described by Matthews et al.22
Sampling
Prior to sacrificing, rats were kept for 24 h in metabolic cages.
Feces samples were collected from each rat for this 24 h period.
Rats were sacrificed by injecting a lethal dose of Thiopental
(300 mg/kg of body weight) into the peritoneal cavity. From
the rats the gastro-intestinal tract was removed and cut into
separate segments: Stomach, duodenum, jejunum, ileum,
appendix, cecum, proximal colon and distal colon. Except for
the appendix, the contents from each segment of the gut were
collected. For the stomach the content was gathered by cutting
open the organ with a scalpel and removing the digesta with a
spatula. The other content samples were collected by flushing
each segment with PBS and collecting the discharge (Figure 1).
The mucus samples were collected from duodenum, jejunum,
ileum, appendix, cecum, proximal colon and distal colon. Here
the intestinal tract segments, from which contents had
previously been removed, were cut down the longitudinal axis
and opened (Figure 1). Any residue digesta was carefully
removed by washing with PBS. The segments were cut
transverse to the longitudinal axis into 3 equal sections. From
the first section of each segment the mucus was removed by
scraping with a metal spatula. Mucus from the second section
was removed by using a swab. After mucus removal, sections 1
and 2 of each segment were snap frozen and used in the
histological study. The third part of each segment was snap
frozen and used as control in the histological study for
determining the best mucus removal method.
Three proteomic experiments were performed: In experi-
ment 1, mucus samples from the duodenum, proximal colon
and distal colon were collected using only the spatula method
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and feces was collected. In experiment 2, intestinal samples
(stomach, duodenum, jejunum, ileum, appendix, cecum,
proximal colon and distal colon) and feces were collected
from three rats. For further analysis, the samples from the same
segment, locality (contents or mucus) and collection method
(swapping or scraping) were pooled. The feces samples were
also pooled. Experiment 3 provided feces samples from one rat.
Material for pyrosequencing of PCR-amplified 16S rRNA
gene fragments was gathered from the rat from experiment 3
with a further 4 rats being sampled. The collected samples
originated from the colon mucus and the feces.
DNA Extraction and 16S rRNA Gene Pyrosequencing
Metagenomic DNA was extracted from the mucus and the feces
samples using the repeated bead beating plus column (RBB+C)
method of Yu and Morrison (2004).23 Bacterial diversity of
these samples was determined by DNA sequencing technology.
Amplicons from the 16S rRNA gene were generated by PCR
using primers 27F-DegS and 1061R-Deg.24 Each forward
primer was appended with the titanium sequencing adaptor A
and an “NNNNNNNN” barcode sequence at the 5′ end, where
the string of 8 times “N” is a sequence of eight nucleotides that
was unique for each sample. The reverse primer carried the
titanium adaptor B at the 5′ end. PCRs were performed in a
total volume of 100 or with the mucus samples 2 times 100 μL
and the size of the PCR products was confirmed by gel
electrophoresis. PCR products were purified using the High
Pure PCR Cleanup Micro Kit (Roche) according manufac-
turer’s protocol and the two PCR products for the mucus
samples were pooled in the elution step. The quantity and
quality was determined using NanoDrop ND-1000 spectropho-
tometer. Purified PCR products were mixed in equimolar
amounts with a final DNA concentration of 1000 ng/μL. The
pooled amplicons were pyrosequenced using an FLX genome
sequencer in combination with titanium chemistry (GATC-
Biotech, Konstanz, Germany).
Pyrosequences we sorted and information was processed
using the default parameters in QIIME.25 Briefly, sequences
were submitted to a quality check and only high-quality
sequences (>200 bp and <1000 bp in length, quality score >25,
exact match to barcode and primer) were selected for further
processing. High-quality sequences were clustered into opera-
tional taxonomic units (OTUs) at 97% sequence identity using
uclust v1.2.22q. The taxonomy of a bacterial representative
sequence of each OTU was assigned with BLAST against the
Greengenes database.26 Chimeric sequences were removed
using ChimeraSlayer software.27 The assigned OTUs without
the chimeric sequences were used to make heat maps, calculate
diversity and relative abundance charts.
Protein Extraction
Bacteria were isolated from the collected gastro-intestinal tract
and fecal samples using a modified method previously
described.28 Samples were thawed on ice. To remove PBS
the gut contents samples were centrifuged (15 min; 13 000× g;
4 °C). All samples were suspended in disruption buffer (0.2 M
NaCl; 50 mM Tris pH 8.0) to a ratio of 3 mL per 1 g of sample
and shaken (80 rpm; 4 °C) overnight on a reciptical shaker.
Mucus samples from the same intestinal segment collected
through swabbing or scraping, respectively, were combined. To
remove coarse material samples were centrifuged at low speed
(400× g; 5 min; 4 °C). The bacteria were isolated through
density gradient centrifugation (10 000× g; 40 min; 4 °C). A
Histodenz solution (40% w/v in disruption buffer; Sigma-
Aldrich) was used as a cushion. The interphase containing the
bacteria from each sample was removed and centrifuged (15
000× g; 15 min; 4 °C). The bacterial pellets were washed twice
in 50 mM Tris/HCl buffer (pH 7.5; 0.1 mg/mL chloramphe-
nicol; 1 mM PMSF) and resuspended in 50 μL of this buffer.
To extract the bacterial proteins, 50 μL SDS-extraction buffer
(20 mM Tris/HCl pH 7.5; 2% SDS) was added to each sample,
heated on a thermo shaker (60 °C; 10 min; 1400 min−1) and 1
mL 20 mM Tris/HCl buffer (pH 7.5; 1 μL/mL Benzonase; 0.1
mg/mL MgCl2; 1 mM PMSF) was added. Bacteria were
disrupted with a sonic probe (cycle 0.5; amplitude 60%). The
sonication procedure was 1 min ultra sound, 1 min rest and 1
min ultra sound, while the samples were kept on ice. This was
followed by heating on a thermo shaker (37 °C; 10 min; 1400
min−1) and centrifugation (10 000× g; 10 min; 4 °C). The
supernatants containing the extracted protein were stored at
−20 °C.
1D-Gel Electrophoresis and Mass Spectrometry
Protein concentration was determined using the Bradford assay.
For 1-DE analysis, 150 μg of protein were precipitated with 5-
fold volume of ice-cold acetone and separated using a 12%
acrylamide separating gel and the Laemmli-buffer system. After
electrophoresis, protein bands were stained by colloidal
Coomassie Brilliant Blue G-250 (Roth, Kassel, Germany).
The entire protein lane was cut in up to 5 bands and
Figure 1. (Top) Schematic of sample collection. (Bottom) Images of
histological slices. (Left) Distal colon, control. (Right) Distal colon,
after scraping with spatula (1 Submucosa; 2 Muscularis mucosae; 3
Mucosa).
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subsequently in-gel tryptic digested was performed.29 Tryptic
peptides of each band were desalted using ZipTip C18 before
MS-analysis.
Peptides of all rat samples were measured by UPLC-coupled
(Waters) LTQ Orbitrap Velos MS/MS (Thermo Fisher
Scientific). The peptides were separated on a C18 UPLC
column (nanoAcquity UPLC column, C18, 75 μm × 100 mm,
1.7 μm, Waters) over 77 min with 2−60% solvent B
(acetonitrile, 0.1% formic acid) gradient. Continuous scanning
of eluted peptide ions was carried out between 150 and 2000
m/z, automatically switching to MS/MS CID mode on ions
exceeding an intensity of 2000. Raw data were processed for
database search using Thermo Proteome Discoverer software
(v1.0 build 43, Thermo Fisher Scientific).
Search was performed by tandem mass spectrometry ion
search algorithms from the Mascot house server (v2.2.1). The
following parameters were selected: NCBInr (National Center
for Biotechnology Information, Rockville Pike, USA, version
August 2012) as genomic database, tryptic cleavage, maximal
two missed cleavage sites. ESI-trap was selected as instrument.
A peptide tolerance threshold of ±5 ppm and a MS/MS
tolerance threshold of ±0.5 Da were chosen. Further, decoy
search was enabled and a target false discovery rate (FDR) for
the peptides were set at 0.01 (strict) and 0.05 (relaxed).
Carbamidomethylation at cysteines was given as static and
oxidation of methionines as variable modification.
Data Analysis
Search results were further filtered using the Proteome
discoverer software. Only peptides with an FDR of 0.05 or
lower were considered for further evaluation. Furthermore,
protein grouping was enabled. Only protein groups with either
two peptides or one unique peptide, and a protein score of at
least 40 were considered for further investigation. For assigning
functional categories to protein groups, the Cluster of
Orthologous Groups (COG) annotation system from NCBI
was used.30 This was based on the method described in
Rooijers et al.17 Briefly, sequences from protein groups were
compared to entries in the COG sequence database from NCBI
(ftp://ftp.ncbi.nih.gov/pub/COG/COG/), using BlastP. A
COG was assigned based on the best hit with a known
COG. Only hits with an E value of 10−10 or lower were
considered. All protein groups for which a COG could not be
assigned through BLAST analysis were checked manually by
text search of the protein group. Here the annotation of the
named protein was searched for an assigned COG in the NCBI
protein database (http://www.ncbi.nlm.nih.gov/protein/), the
uniprot protein database (http://www.uniprot.org/) and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(http://www.genome.jp/kegg/).
Phylogenetic information for protein groups were assigned
by searching for the assigned protein name from the protein
group in the NCBI Taxonomy database (http://www.ncbi.nlm.
nih.gov/taxonomy). Only taxonomy at levels of phylum and
class were assigned.
For the construction of the VENN diagram (Figure 2), the
online tool VENNY (http://bioinfogp.cnb.csic.es/tools/
venny/index.html) was used. To further visualize data,
SigmaPlot 12.0 from Systat Software, Inc. was used for the
bar charts and scatterplots (Figure 3). Heatmaps were created
using the heatmap.2 program from R version 2.10.1.lnk with
the supporting package gplots (http://cran.r-project.org/web/
packages/gplots/index.html) (Figures 4, 5 and 6). To improve
visualization of heatmaps, data were logarithmized. Data for the
heatmap from Figure 4 was clustered in both axes using the
default clustering setting for heatmap.2.
■ RESULTS
Optimization of Section and Site Specific Protein
Extraction
Samples of the gut content as well as from the mucus were
investigated. Removing the mucus from the gut samples using a
spatula did not cause damage to the epithelia layer (Figure 1).
Two different bacterial extraction techniques were tested
which are described in Beloqui et al. (2010) and Apajalahti et
al. (1998).28,31 Apajalahti et al. used differential centrifugation
steps to separate prokaryotic from eukaryotic cells. Through
this method the number of protein groups assigned to spectral
data was lower than for the method described by Beloqui et al.
(results not shown). In the chosen method from Beloqui et al.,
bacteria were isolated through a density gradient centrifugation,
using a Histodenz solution as a cushion. In experiment 1,
sample material from one rat revealed only 154 assigned
protein groups from the duodenum, the proximal colon and the
distal colon, which was insufficient for further metaproteomic
analysis (Table 1). Furthermore, a protocol where protein
extraction was carried out on mucus samples pooled from two
rats from the small intestine without prior bacterial isolation did
not produce more assigned bacterial protein groups. Only the
number of protein groups assigned to rats was significantly
higher (results not shown). Thus, pooling of material from
three rats was required (experiment 2). In total, 2802
nonredundant bacterial protein groups were assigned from all
samples (Table 1, Supporting Information Table S2). Only
about 5% of the total bacterial protein hits were from the
stomach, duodenum, jejunum or ileum. In the appendix, the
cecum and the colon the number of bacterial protein group hits
increased significantly. In the colon, the assigned bacterial
protein groups in the content samples of each segment did not
show a great variance in numbers and was similar to the protein
group numbers found in feces (Table 1). In contrast, the
numbers of bacterial protein group hits isolated from mucus
Figure 2. Distribution of nonredundant bacterial proteins from the
mucus and content samples of cecum and colon sections and feces
samples from experiment 2.
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samples increased from appendix to distal colon from 110
proteins in the appendix to 616 in the distal colon. The number
of rat protein group hits decreased in the mucus samples from
cecum (389 proteins) to distal colon (102 proteins) and feces
(40 proteins) (Table 1, Supporting Information Table S2). An
observation from experiment 2 was that from the lower
intestine (cecum and colon) the bacterial protein hits from the
mucus only matched the protein hits from the contents to a
small degree (601 only in mucus; 605 only in contents; 292 in
both (numbers are nonredundant assigned protein groups)),
Figure 2. Furthermore, in experiment 2 only 236 of the protein
hits for the feces were also found in the colon, whereas 299
were only assigned in the feces (Figure 2).
DNA-based Analysis of the Bacterial Community Structure
DNA from 5 colon mucosa samples and 5 feces samples was
extracted to obtain 16S rRNA gene sequences. A total of 47 346
sequences (4734.6 ± 2071.1 sequences per sample) were
obtained by 454 FLX pyrosequencing after chimera check. The
number of sequences for each class differed between the
samples leading to high standard deviations averaging mucosal
and feces samples, respectively (Figure 3B). About 400
different species were identified in the samples of mucus and
feces, based on a 97% sequence identity threshold (Supporting
Information Tables S3, S4).
Figure 3. Comparison of proteomic and 16S rRNA gene sequencing data of colon mucus (A, B) and feces (C, D) samples. (A, C) Comparison of
the number of different phyla and classes in samples assigned from proteomics (light gray) and identified by 16S rRNA gene-sequencing (dark gray).
(B, D) Percentage of proteins assigned from most abundant bacterial classes plotted against the percentage of 16S rRNA gene sequences identified
for these classes from experiment 2 (Bacteroidia ◇; Bacilli □; Closridia △; other bacterial classes ●). Number of protein groups from mucus derived
from n = 1 (experiment 2), from feces n = 3 and number of DNA sequences were obtained with n = 5 for mucus and feces.
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The 16S rRNA gene sequencing results showed an overall
dominance of Firmicutes (about 70%) with the Clostridiales as
major order (52−80%) in mucus and feces samples. Bacilli/
Turicibacterales (Erysipelotrichi) showed higher abundance in
the feces samples than in the mucus samples (1−24%).
Bacteroidales was the major order of the Bacteroidetes with 5% in
the feces samples and 15% in the mucus samples. Members of
four different proteobacterial classes were distributed equally
with higher amounts of about 3% in the mucus samples
(Supporting Information Table S3). A similar distribution was
detected for Actinobacteria-related sequences. Verrucomicrobia
sequences related to the genus Akkermansia were found to a
low fraction only in the mucus samples (max 0.4%). When
comparing the relative percentages of 16S rRNA gene
sequences at the bacterial class level samples clustered into
two groups, separating fecal and mucosal samples (Figure 4).
Protein-based Community Analysis
In all, protein hits were assigned to 24 bacterial phyla. The
distribution varied depending on the gut section, and whether
contents or mucus was investigated (Figure 5, Supporting
Information Table S5). Due to the low number of protein hits
for the upper gut sections (stomach, duodenum, jejunum, ileum
and appendix) only a simple view of the phylogenetic
distribution dominated by Firmicutes, Proteobacteria and
Bacteroidetes could be described.
The phylogenetic diversity of the protein hits increased
downward the intestinal tract toward feces. In the mucus
samples, the Firmicutes fraction increased from 44% in cecum to
63% in the distal colon and an intermediate proportion of 47 ±
2.6% in feces (data from three independent samples).
Bacteroidetes protein hits were observed at 9% in the cecum
mucus, 47% in the proximal colon mucus, 15% in the distal
colon mucus and 31.8 ± 3.4% in the feces. In contrast,
proteobacterial protein hits decreased from 27% in the cecum
to 7% in the distal colon and 10 ± 2.8% in feces. The
phylogeny of distal colon proteins from the mucus sample
closely resembles the makeup of feces proteins. The content
samples showed a predominance of Bacteroidetes with 63% in
the cecum, 76% in the proximal colon and 58% in the distal
colon. Firmicutes was the second most dominant phylum in the
contents samples with protein hits accounting for 21% in the
cecum, 8% in the proximal colon and 24% in the distal colon.
Protein hits from Proteobacteria accounted for 5−7% of all
protein hits in the content samples. In addition, 1 to 6% of the
protein hits in the mucus and content samples were attributed
to Verrucomicrobia, Actinobacteria and several other taxa (Figure
5A). The percentage of hits assigned to Bacteroidetes was always
higher in the contents than in the mucus at each segment
(Figure 6A). Furthermore, in each gut segment in the lower
intestine there was a higher percentage of protein hits binned to
the Firmicutes in the mucus than in the contents (Figure 6A). In
each gut segment, the ratio between the percentages of
Bacteroidetes and Firmicutes was always higher in the content
samples than in the mucus samples.
The phylogenetic origin of the proteins could be further
refined for the abundant phyla. Protein hits assigned to the
Bacteroidetes were dominated by Bacteroidia related proteins
hits making up between 7 and 27% in the mucus, between 51


























































Feces (experiment 2) 535 40 13.38
Feces (experiment 3) 839 45 18.64
Figure 4. Relative percentages of bacterial classes based on 16S rRNA
gene pyrosequencing data of mucus and feces samples. Data were
clustered according to the sample origin.
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and 61% in the contents, and 26.9% ± 3.4% in the feces. Other
protein hits within the Bacteroidetes were affiliated to
Flavobacteria, Sphingobacteria and Cytophagia (Supporting
Information Table S2). The largest percentage of protein hits
assigned to the Firmicutes was attributed to the Clostridia,
followed by the Bacilli. In the mucus samples hits designated as
belonging to Clostridia constituted from 18 to 54% whereas in
the content samples the fraction was lower (5−19%). In feces
protein hits of Clostridia made up 39.7% ± 2.2% of protein hits.
The percentage of protein hits assigned to Bacilli in the mucus
was higher (5−7%) than in the contents (2−4%); in the feces,
protein hits attributed to Bacilli made up 5.8% ± 0.28% of all
protein hits. Alphaproteobacteria and Gammaproteobacteria were
the two classes to which the majority of proteobacterial protein
hits could be attributed (see Supporting Information Tables S2
and S5 for additional details). All protein hits attributed to the
phylum Actinobacteria were binned to the class Actinobacteria.
Nearly all protein hits binned to Verrucomicrobia were assigned
to the class of Verrucomicrobiae, from which the vast majority
were binned to Akkermansia muciniphila.
The comparison of the number of bacterial phyla and classes
assigned to the 16S rRNA gene sequences and to the protein
Figure 5. Protein distribution in each lower gut samples from experiment 2 and from three feces samples. (A) Proteins classified to bacterial classes
(B, Bacteroidetes; F, Firmicutes; P, Proteobacteria). (B) Proteins assigned to COG functional categories. White tiles, no proteins identified.
Figure 6. Ratio of the relative percentages of protein hits assigned in the contents to those assigned in the mucus in each lower gut segment. (A)
Ratios of proteins classified into bacterial classes (B, Bacteroidetes; F, Firmicutes; P, Proteobacteria). (B) Ratios of proteins grouped into COG
functional categories. Red, greater relative percentage in mucus samples; Blue, greater relative percentage in content samples; Gray, equal relative
percentage in mucus and content; Black tiles, no value available.
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hits revealed that in the proteomic study a more diverse picture
in the gut was seen regarding the phylogeny (Figure 3A). For
the mucus samples from the distal colon in the proteomic study
17 phyla and 24 classes (n = 1) were assigned, whereas for the
16S rRNA gene sequencing only 13 ± 1.4 phyla and 6.6 ± 0.8
classes (n = 5) could be identified. In the feces samples through
the proteomic investigation 16 ± 3.6 phyla and 26.7 ± 3.2
classes (n = 3) could be assigned, as compared 5.2 ± 0.75 phyla
and 8.6 ± 1.6 classes (n = 5) based on 16S rRNA gene
sequence analysis. This is supported by the calculated diversity
indices, which showed a higher bacterial diversity in the mucus
samples (Shannon index average 7.13) than in the fecal samples
(Shannon index average 3.94) (Supporting Information Table
S5).
The comparison of the relative percentages of bacterial
classes assigned based on the 16S rRNA gene sequences with
those assigned through proteomics gave a good correlation
(r2=0.98) for the mucus samples whereas for the feces samples
a high variability (r2=0.31) was observed (Figure 3B).
Functional Resolution
The most abundant COGs assigned to protein hits were those
involved in translation, posttranslational modification, energy
conversion, carbohydrate metabolism, amino acid metabolism
and motility. This was seen for all segments with little variation
(Figure 5B, Supporting Information Table S6).
The fraction of protein hits binned to the COG category of
carbohydrate metabolism increased along the lower gut in distal
direction (Supporting Information Table S6). This was
especially seen for protein hits binned to the glycolysis
pathway. In the mucus and content samples the percentages
of hits binned to the glycolysis pathway were between 3 and 6%
in the cecum, the proximal colon and in the distal colon. In the
feces the percentage for these proteins was 8.8 ± 2.2% and the
protein hits were mostly binned to glyceraldehyde 3-phosphate
dehydrogenase and enolase.
Furthermore, a number of hits were assigned to proteins
required for utilization and uptake of carbohydrates that are
commonly found in the gut. These included alpha-amylases
(hits only in the cecum mucus), beta-fructosidases, xylose
isomerases, arabinose isomerases and L-fucose isomerase.
Protein hits binned to beta fructosidase and arabinose
isomerase (5 hits out of 6 assigned to Bacteroidia) were only
found in the content samples. Nearly all hits binned to xylose
isomerase were assigned to Bacteroidia (14 out of 22 hits of
which 6 were not assigned to a class). Hits binned to L-fucose
isomerase, of which nearly all were assigned to Clostridia (12
out of 14 hits), were only detected in the distal colon and feces
samples. Further, a number of components from ABC
transporters responsible for sugar uptake were assigned to
protein hits including components from a number of
phosphotransferase systems. Except for the cecum mucus,
these were found in all samples. A further protein of interest to
which hits were binned to was glucoseamine-6-phosphate
isomerase, all four hits of which were assigned to the
Verrucomicrobia.
Protein hits assigned to proteins from the amino acid
metabolism pathways were found in the mucus at about 5% in
the cecum, the proximal colon and in the distal colon,
respectively. For the contents samples these numbers were 9%
for the cecum, 6% for the proximal colon and 6% for the distal
colon. In the feces samples the value was 5 ± 3.8%. The most
frequently binned proteins from amino acid metabolism
pathways in the large intestine were glutamate dehydrogenases
and ketol-acid reductoisomerases. Protein hits binned to
glutamate dehydrogenase were found at higher percentages in
the contents than in the mucus for the cecum and proximal
colon; in the distal colon the value was about the same
(Supporting Information Table S6). In feces samples glutamate
dehydrogenase was assigned to 1.2% ± 0.4% of protein hits.
Nearly all ketol-acid reductoisomerases were assigned to the
Clostridia (71 out of 74 hits). Other protein hits attributed to
amino acid metabolism which were found were a number of
components from ABC-transporters dedicated to amino acid
transport and glutamate decarboxylase. A greater fraction of
proteins involved in amino acid metabolism were detected in
the content samples than in the mucus samples (Figure 6B,
Supporting Information Table S6).
The percentage of protein hits assigned to COG class
“energy conversion” were observed at slightly higher levels in
the mucus (13−17%) that in the contents (about 12%) or feces
(11.5 ± 2.7%). Protein hits assigned to energy conversion were
mainly binned to components of ATPases, succinate
dehydrogenase/fumarate reductase and rubredoxin/rubrery-
thrin. Also components from the pyruvate ferrodoxin
oxidoreductase, malate/lactate dehydrogenase and NifU were
assigned to protein hits (Supporting Information Table S6).
There were higher percentages of hits binned to ATPases in the
mucus (decreasing from 10% in cecum to 2% in distal colon)
than in the contents (max. 1%) or feces samples (2% ± 1.8%).
For hits binned to succinate dehydrogenase/fumarate reductase
the distribution was the opposite (Supporting Information
Table S6) and most hits were assigned to Bacteroidia (86 out of
100 hits). Rubrerythrin fractions were elevated in the mucus
(2−3%) compared to the contents (0.5−2%) or feces (1.9
±1.3%). The majority of hits binned to rubrerythrin were
assigned to the Clostridia (59 out of 75 hits). Protein hits
related to NifU were assigned to greater percentages in distal
direction in the large intestine in mucus and content samples
(0−3%).
Protein hits involved in lipid metabolism were assigned at
higher percentages in all mucus samples than in all content
samples (Figure 6B) and were assigned in the feces with 0.9 ±
0.5%. Hits binned to propionyl-CoA carboxylase were observed
in all the compartments of the lower intestine. Other proteins
from the lipid metabolism assigned to hits were, 3-hydroxyacyl-
CoA dehydrogenase, 3-hydroxybutyryl-CoA dehydrogenase,
acyl-CoA dehydrogenase, butyryl-CoA dehydrogenase, methyl
malonyl-CoA decarboxylase, 4-hydroxy-3-methylbut-en-1-yl
diphosphate synthase and thiolase. The hits binned to these
proteins were, however, not seen in all the segments.
Protein hits assigned to protein groups binned to rats
involved in many different functions. A number of the protein
group hits, especially the contents, were binned to proteins
involved in the degradation of polymers. These includes
chymotrypsins (and precursors), aminopeptidases, carboxypep-
tidases, elastases and lipase. Furthermore protein hits were also
assigned to mucin and to proteins involved in the immune
system like immunoglobulin joining chain, immunoglobulin
Igm heavy chain VDJ region and Fc fragment of IgG.
■ DISCUSSION
Optimization of Protein Extraction
In this work we report on a method to investigate the
metaproteome of the gastro-intestinal tract of rats. In all, 2808
Journal of Proteome Research Article
dx.doi.org/10.1021/pr3006364 | J. Proteome Res. 2012, 11, 5406−54175413
nonredundant protein groups could be assigned to spectral
data. The vast majority of assigned protein groups were found
in the large intestine or feces, with only a very small number
from the stomach and small intestine. As reported in other
studies, in the stomach and duodenum the bacterial density is
10 to 103 and reaches a level in the ileum of 107 bacteria per
gram of gastro intestinal contents. In the colon the bacterial
density reaches levels of 1012 bacteria per gram of colon
content.32 The bacterial protein yield in the sections of the
large intestine and feces was satisfactory. Protein yields could
be increased by pooling samples from more than three animals.
This would probably greatly improve the bacterial protein
yields from the small intestine. The number of rat proteins was
always higher in the mucus samples than in the contents. The
sampling of the mucus samples by scraping mucus material
from the epithelial layer with help of a spatula only caused
minor damage (Figure 1, bottom). Swabbing was ineffective,
because after sampling mucus was hard to remove from the
swab. Thus for mucus collection scraping with a spatula was the
sampling method of choice. The higher number of rat protein
group hits in the mucus samples compared to the contents can
be explained by the fact that proteins released from rat cells
after cell death and lysis or as immune response can probably
be found in the mucus in higher levels.
Spatial Resolution of the Community Structure
In general the distribution of the taxa identified by 16S rRNA
gene sequencing as a kind of gold standard and metaproteomic
analysis showed a higher diversity in the mucus samples than in
the feces samples which was also observed in a recent study
comparing mucus and feces samples by 16S rRNA sequenc-
ing.33 A good correlation between DNA and protein data for
mucus samples and high variability in the feces samples were
detected which can be discussed as an effect due to the sample
handling. Fecal samples of rats were used as single fecal pellets
used for protein extraction and DNA extraction, respectively,
leading to heterogeneity of the results. The high accordance of
16S rRNA gene sequencing and metaproteome data supports
the value of metaproteome based community analysis and is in
agreement with studies on environmental samples from soil and
aquifer samples.34,35
In total, the three most abundant phyla identified by
sequencing and proteomic analysis Bacteroidetes, Firmicutes
and Proteobacteria, and to a lesser extend Actinobacteria and
Verrucomicrobia, were found as the major phyla in other
intestinal tract studies as well. Manichanh et al. (2010) studied
the microbial composition of feces from rats by DNA
pyrosequencing confirming the prominent proportion of
Firmicutes (74%) and Bacteroidetes (23%). They described a
higher phylogenetic diversity compared to human feces samples
based on chao1 estimators of 1168 which corresponds well with
our calculated values 1025 ± 145 (Supporting Information
Table S4).20 Besides the total diversity, a higher number of
Lactobacillus and Turicibacter were detected in rat than in
human feces by Manichanh et al. (2010). Both genera were also
found in this study but the specific role of Faecalibacterium and
Bacteroides in human samples proposed by Manichanh et al. can
be refused by our findings as both were identified in mucus
samples of the rat large intestine. The distribution of phyla
identified by proteomic investigations of human feces by
Rooijers et al. (2011) and Kolmeder et al. (2012) also mirrored
to some degree the findings described above.17,19 It should be
noted, however, that these studies only investigated fecal
samples and did not have the spatial resolution of the present
study.
Due to the spatial resolution of this study differences in the
distribution of phyla along the gut and between mucus and
content could be detected. From proximal to distal regions of
the large intestine especially in the mucus, significant changes in
distribution were observed. Furthermore, mucus and content
samples from the same segment of the bowl possessed different
community structure. In this study, the community found in
the contents of the lower intestine was very different compared
to the community inhabiting the mucus. In the contents, the
protein hits from Bacteroidetes, and especially Bacteroidia, made
up the greatest percentage of protein hits giving rise to the view
that the contents is an environment dominated more by the
Bacteroidetes. Our study also revealed that the mucus was
enriched in Firmicutes, especially in Clostridia and Bacilli
compared to the contents. A similar finding was published in
a study using a 16S rRNA approach that detected differences
between human ascending and descending colon biopsy
samples and feces samples.33 Another finding from our study
was that the community found in the contents of the lower
intestine was very different compared to the community
inhabiting the mucus. In the mucus, the protein hits from
Firmicutes made up the greatest relative percentage of protein
hits, while for the contents hits from the Bacteroidetes
dominated. A comparison between patients with irritable
bowel syndrome and healthy individuals showed a higher
number of Bacteroidetes sequences in mucus samples than in
feces samples.18 Durban et al. (2012) identified more
Rikenellaceae and Porphyromonadaceae in feces samples as in
mucosa,33 which is contradictory to our findings. Nevertheless,
such comparisons have to be carefully done as it has been
reviewed that the host immune system selects which bacteria
inhabits the mucus,1 which in turn can lead to differences
between rodent and human samples. Furthermore, we observed
that, based on the 16S rRNA gene sequencing results, samples
clustered into 2 groups according to their origin. The first
group consisted only of the mucus samples whereas the second
contained only the feces samples (Figure 4). This reinforces
previous reports that there is a difference in microbial
composition between the feces and the mucus from the
lower intestine. Considering the data from this study, it can be
concluded that making assumptions of the gastro-intestinal
microbiota by the investigation of fecal matter has to be done
carefully. It should be noted, however, that in regard to humans
the accessibility of intestinal mucus is often difficult or
impractical.
Functional Differences between Mucosa- and
Content-associated Microbiota
Functional differences between bacteria inhabiting the mucus
and those associated with the contents were to be expected
since the two environments are differently structured. A first
difference was the observation that proteins from the pathways
involved in energy conversion and especially components from
ATPases are seen in the large intestine at higher levels in mucus
than in the content samples, which could be due to a number of
reasons. ATPases can either pump protons out of the cell by
utilizing ATP or produce ATP by using the proton motive force
at the cell membrane. The former is often used by bacteria as a
method to survive in an acidic environment. PH measurements
conducted on the large intestine of rats show that the pH on
the mucus surface is relatively constant at a value of 6.5.36 This
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would suggest the high percentage of detected ATPase
components is not an adaption for the gut bacteria to a low
pH environment in the proximal regions of the large intestine.
Further it has been reported that in many bacteria when pH
levels change there is no or only little change in the translation
of ATPases, rather the activity of the ATPases is regulated post-
translationally.37 The higher percentages of ATPases in the
mucus compared to the content could be explained by a
possibly greater emphasis on respiration by the detected
bacteria. Possibly in the mucus there is a higher concentration
of oxygen than in the content caused by oxygen diffusing into
the mucus through the hosts epithelium.38,39 This would allow
the microbiota situated in the mucus to respire oxygen to some
extent. Another observation was that proteins involved in
glycolysis are identified in higher percentages in the distal
regions of the large intestine. It has been reported that in
Escherichia coli proteins from the glycolysis are produced at
higher amounts under anaerobic conditions compared to
aerobic conditions.40 It can be assumed that due to the lower
levels of ATPases detected and the thickness of the mucus
layer, which could slow down diffusion of oxygen, the bacteria
rely more heavily on fermentation to acquire energy. Since the
energy yield of fermentation is much lower than during
respiration, a higher level of proteins from the glycolysis
pathway would be expected. Although the MS data reported in
this paper does not give an absolute quantitative assessment,
detecting more proteins from a pathway would suggest that
more proteins from that pathway are produced at detectable
levels. A further piece of evidence which points to higher levels
of oxygen in the mucus compared to the content is the spatial
distribution of rubrerythrin proteins. Most of these were
identified in the mucus or feces samples. Rubrerythrin has been
described as a protein involved in detoxification of reactive
oxygen species in anaerobic or microaerophilic bacteria.41,42 It
is also interesting to see that many of these proteins originated
from Clostridia, which are known as being anaerobes.
Many hits were binned to succinate dehydrogenase/fumarate
reductase which is known to be involved as a key enzyme in the
anaerobic respiration of fumarate. The relative percentage of
hits binned allowed the conclusion that fumarate respiration is
mainly found in the contents of the gut but is curtailed in the
distal colon probably by the lack of this metabolite and that
Bacteroidia are the executive bacteria. Fumarate is a known
intermediate metabolite which is found in the lower intestine.43
Proteins assigned to the carbohydrate conversion in the
microbiota can be separated in proteins either responsible for
the transformation of supplied carbon sources or involved in
endogenous carbon utilization. Proteins binned to the first
group were xylose isomerase and arabinose isomerase. Both
were identified either in content or in fecal samples and were
assigned to Bacteroidia which are known to degrade xylans.44
Xylose isomerase converts xylose into xylulose, a precursor step
to the pentose phosphate pathway. Xylose is a degradation
product of xylans and pectins, which are in turn found in plant
material, for example, chow,45 and arabinose is a component of
many polysaccharides, like pectins and hemicellulose. The
detection of those proteins is supported by the study of Tian et
al. (2012) detecting arabinose and xylose exclusively in the
content of the large intestine and in feces.21 They also showed a
lower amount of these sugars in 15 week old rats suggesting an
age-related alteration of the microbial community. In our study
we also used 15 week old rats and the relatively high amount of
this protein function might support the metabolomic findings
of Tian et al.21 Proteins belonging to the group of endogenous
carbon transformation were L-fucose isomerase, a protein
required for the utilization of fucose, and glucosamine-6-
phosphate isomerase, a protein involved in the degradation of
glucosamine. Both protein hits showed that mucus and other
secretion from the host are utilized as fucose is a sugar often
bound to glycoconjugates from the host and glucosamine is a
known component of mucus.46,47
A number of intestinal bacteria are able to ferment peptides
and amino acids for energy extraction.48 Most of the amino acid
source comes from dietary residue and from the host stemming
from oral, gastric, pancreatic and small intestines secretions
reaching the bowel.49 This would suggest that there is more
amino acid fermentation taking place in the contents than in
the mucus, which is supported by our findings that in the lower
intestine tract proteins from the amino acid metabolism,
especially glutamate dehydrogenase, were identified at higher
percentages in the content samples than in the mucus samples.
Glutamate dehydrogenase is a key enzyme in an important
amino acid fermentation pathway where the amino acid is first
deaminated.50 Furthermore, Clostridia and Bacteroidia seem to
be the major players involved in amino acid fermentation, since
all glutamate dehydrogenases were binned to these classes. The
relative percentage of this protein group decreased sharply from
the proximal colon contents to the distal colon contents
suggesting maybe that amino acid supply decreases in distal
direction. As mentioned above the amino acid moiety in the
colon is of exogenous and endogenous origin. Many of these
sources could be depleted by the time the digesta reaches the
distal colon. Another pathway for amino acid fermentation
involves the decarboxylation of amino acids to amines in a first
step.50 Some hits were found in the gut for the glutamate
decarboxylase involved in this step.
Ketol-acid reductoisomerases which originated nearly ex-
clusively from Clostridia is a component of the branched chain
amino acid and the coenzyme A biosynthesis pathways. This is
remarkable since the Clostridia are described as major
producers of short chain fatty acids.51,52 In this fermentation
process the intermediate compounds are bound to coenzyme A.
This should lead to a high need for coenzyme A, which fits well
to the observed high number of ketol-acid reductoisomerases
identified from Clostridia. Further many of the proteins from
lipid metabolism assigned to protein hits could be attributed to
fermentation pathways involved in the production of short
chain fatty acids, such as butyrate, propionate and acetate.
Consequences in Respect to Human Metabolic Syndrome
The link between gut microbiota and energy homeostasis as
well as inflammation and its role of obesity-related disorders are
increasingly recognized.4 Animal models suggest that obesity is
associated with alterations of the composition and the
functional properties of the gut microbiota and a relationship
between diet, gut microbiota, and energy homeostasis was
further investigated in models of diet induced obesity in
animals.53 However, our findings indicate, that analysis of feces
samples does not reveal the microbial community of gut mucus,
which is supposed to be a relevant interface between microbial
and host metabolism. The identification of mucus related
bacteria and the interaction with host metabolism could give a
deeper understanding of obesity linked metabolism. It is also
conceivable that changing commensal intestinal microbiota
reveals mucositis, which is also more frequent in obesity.54
Future research is needed to unravel the hormonal,
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immunomodulatory, and metabolic mechanisms underlying
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Table S1: Phenotype of Sprague Dawley rats from experiment 1, 2 and 3 Sprague-
Dawley rats. Values are means ± SD; n, number of rats; BMI, body mass index; 




Age 15 weeks 
body weight [g] 390 ± 38 
BMI[g/cm²]  0.65 ± 0.05 
total-cholesterol [mmol/L] 2.45 ± 0.95 
HDL-cholesterol [mmol/L] 1.10 ± 0.31 
free fatty acids [mmol/L] 0.40 ± 0.21 
fasting glucose [mmol/L] 4.6 ± 0.4 
fasting insulin [ng/ml] 1.45 ± 0.45 
HOMA-IR 0.30 ± 0.09 
 
Table S2: all assigned protein groups of separate gut sections. Supplemental  
Table S3:16S rRNA gene data and phylogenetic distribution (BLAST results).  
Table S4: numbers of 16S rRNA gene sequences per sample and determined diversity 
indices (Simpson, Shannon, Chao1).  
Table S5: distribution of bacterial classes along the gut sections based on proteomic 
data.  
Table S6: distribution of proteins involved in central metabolic functions along the gut 
sections based on proteomic data.  




6. Ausblick in weiterführende wissenschaftliche Projekte 
6.1 Rolle der Proteomik in der experimentellen Chirurgie 
In den vergangenen Jahrzehnten wurde mit steigendem Wohlstand der 
Gesellschaftssysteme die Adipositas eine zunehmende Herausforderung für weltweit 
alle Gesundheitssysteme (Mokdad et al., 2003). Die Behandlung der Adipositas und 
deren assoziierten Komorbiditäten wie Diabetes, Herz-Kreislauf-Erkrankungen, 
Nierenerkrankungen oder Harnblasendysfunktionen durch bariatrisch-chirurgische 
Interventionen gewinnen zunehmend an Bedeutung (Chang et al., 2014; Morgan, David 
J R et al., 2014; Puzziferri et al., 2014). Insbesondere der RYGB gilt in der Behandlung 
der Adipositas aktuell als Goldstandard (Lutz und Bueter, 2014) sowohl im 
Heranwachsenden- (Stanford et al., 2003; Cushing et al., 2014; Oberbach et al., 2014a) 
als auch Erwachsenenalter (Colquitt et al., 2014). Angetrieben durch die 
Erfolgsergebnisse der metabolischen Chirurgie in der Therapie der Fettleibigkeit (Toro-
Ramos et al., 2015) und des T2DM (Benedix et al., 2014) wurden neue 
Interventionsverfahren wie der Magenschrittmacher (Cha et al., 2014), der 
intragastrische Ballon (Alfredo et al., 2014) oder der Duodenojejunal Bypass 
(endoluminaler Sleeve) (Aguirre et al., 2008) etabliert.  
Die experimentelle Chirurgie bedient sich seit Jahren der Methoden der 
Molekularbiologie und angrenzender Wissenschaftsgebiete. Die eigenen 
Forschungsergebnisse belegen, dass die Implementierung von OMICS-
Technologieplattformen zu einer umfassenden Verbesserung des Erkenntnisgewinns im 
Bereich der translationalen Adipositasforschung führt (Oberbach et al., 2011).  
Die Einbettung der Proteomik in den Prozess des wissenschaftlichen Erkenntnisgewinns 
unterliegt je nach Fragestellung spezifischen Herausforderungen und abgeleitet aus den 
eigenen Studienerfahrungen sollen zukünftig verstärkt In-vivo-labeling-Methoden (z.B. 
15N; 13C) im Tiermodell Anwendung finden. Dies verbessert die Vergleichbarkeit 
zwischen Interventions- und Kontrollgruppen, erhöht die quantitative Aussage über 
Organ-spezifische Anpassungsmechanismen und gestattet bei Etablierung von 
Zeitreihen eine Aussage über die zelluläre Proteinsyntheseleistung. 
Mit Zunahme der operativen Interventionen wächst die Anforderung, die zugrunde 
liegenden Wirkungsmechanismen zu erforschen. Insbesondere die Analyse der 
Anpassungsmechanismen im Hinblick auf die Behandlung von Komorbiditäten steht im 
Fokus wissenschaftlichen Interesses. Diese zentrale Aufgabe kann durch chirurgisch 
experimentelle Ansätze, gekoppelt mit molekularbiologischen Forschungsmethoden, 
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neue Einblicke in post-interventionelle Adaptationsmechanismen geben und zu 
Ableitungen von individuellen Therapiekonzepten in Abhängigkeit des 
Ausprägungsgrades der Komorbidität führen. Die Bestimmung von Proteinen erfolgte 
über viele Dekaden des wissenschaftlichen Strebens im Wesentlichen durch 
Einzelproteinnachweis bis hin zur Aktivitätsbestimmung. Zunehmender 
Erkenntnisgewinn führte zur Einführung von Multiplexmethoden, um ein komplexeres 
Bild des Proteoms aufzeigen zu können (Oberbach et al., 2014f). Die Etablierung der 
Shotgun-Proteomik in den frühen 90er Jahren eröffnete Möglichkeiten, komplexere 
Regelmechanismen zu erforschen und pathophysiologischen Zuständen zuzuordnen 
(Oberbach et al., 2014b). Für die Translation dieser Erkenntnisse zurück in die klinische 
Routine sind jedoch hochdurchsatzfähige Analyseverfahren unabdingbar (Oberbach et 
al., 2014f). Die Erarbeitung von massenspektrometrisch basierenden globalen  
(Shotgun-) hin zu gezielten (Targeted)-Proteom-Analysen stellt aktuell eine neue 
Brücke zwischen Hypothesen-freien bzw. Hypothesen-bildenden Forschungsansätzen 
dar und kann zur Entwicklung von massenspektrometrisch basierenden Multiplex-
Assays führen (Jungblut und Schluter, 2008). Diese Assays können durch die 
Implantierung von krankheitsspezifischen Surrogatmarkern den Ausprägungsgrad der 
Pathologie bestimmen und den Erfolg einer Therapie monitoren (Oberbach et al., 
2014f).  
Eigene Forschungsanstrengungen etablierten einen MRM-Assay (Adiponektin, 
Angiotensinogen, RBP4, C3-Komplement) zum Monitoren der Adipositas-assoziierten 
Komorbiditäten und in weiterführenden klinischen Studien soll die Wirkung einer 
RYGB-Intervention mit einer additiven Bewegungstherapie validiert werden.  
 
6.2 Proteom-Untersuchungen der Adipositas-assoziierten Komorbiditäten 
Harnblasendysfunktion 
Die Harnblasendysfunktion bei Adipositas zählt zu den häufigsten Komorbiditäten und 
die zugrunde liegende Pathologie wird aktuell nur unzureichend verstanden. Die 
Symptome reichen von Blasenüberfunktion, gekennzeichnet durch vermehrten 
Harndrang, bis hin zur atonischen Harnblase mit Restharnbildung (Oberbach et al., 
2014d). All diese Prozesse werden durch eine systemische und lokale chronische 
Entzündungsreaktion unter dem Einfluss einer hochkalorischen HFD überlagert.  
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Die eigenen Untersuchungen fokussierten auf die Erforschung der 
Harnblasendysfunktionsstörung unter dem Einfluss einer HFD (Oberbach et al., 2013) 
sowohl im Zellkultur- (Oberbach et al., 2010) als auch im tierexperimentellen Ansatz 
(Oberbach et al., 2014e). Grundlage dieser Forschungsansätze bildet die Erkenntnis, 
dass sowohl ein hochkalorisches Ernährungsregime Adipositas triggert als auch das 
Wissen um den zelltoxischen Einfluss von gesättigten Fettsäuren wie Palmitat 
(Oberbach et al., 2012b). In zukünftigen Studien wird insbesondere die Rolle von 
gesättigten Fettsäuren in der Ausprägung von Adipositas-assoziierter 
Harnblasendysfunktion geprüft.  
Die Implementierung von Proteomik in Forschungsansätze gekoppelt mit 
histochemischen, immunhistochemischen und proteinbiochemischen Verfahren gestattet 
eine umfassende Darstellung der Harnblasenpathologie unter dem Einfluss einer 
hochkalorischen HFD im Tiermodell. Insbesondere die Shotgun-Proteomik des 
Harnblasengewebes unterstützt den Prozess der Hypothesenbildung zur Aufklärung der 
Pathologie der Adipositas-assoziierten Harnblasendysfunktion entscheidend. Unter dem 
Einfluss einer HFD zeigt sich in der Harnblase im Rattenmodell eine signifikant erhöhte 
Regulation der Akute-Phase-Reaktion, der Stoffwechselwege der Hypoxie, Glykolyse, 
des Ubiquitin-Proteasom-Signalweges, der E-Oxidation und eine gesteigerte Abundanz 
der Proteine, die unter den Bedingungen einer mitochondrialen Dysfunktion reguliert 
werden. Dementgegen sind die Proteine der Stoffwechselwege des Kalzium-Signaling, 
Strukturproteine des Zytoskeletts, Calpain, 14-3-3-Signaling und des eNOS-
Signalweges statistisch relevant vermindert exprimiert. Es ist jedoch unumgänglich, bei 
komplexen Gewebestrukturen wie der Harnblase die Proteom-Erkenntnisse den 
jeweiligen morphologischen Strukturen wie Urothel, Myozyten oder Fibroblasten der 
Harnblase zuzuweisen (Oberbach et al., 2013). 
Um die Wirkung einer metabolisch-chirurgischen Intervention auf die morphologischen 
und biochemischen Regelmechanismen unter HFD zu studieren, wurde in eigenen 
Studien im Rattenmodell eine Sleeve-Gastrektomie-Intervention (Magenschlauch) 
etabliert und durch molekularbiologische Untersuchungsmethoden erforscht (Oberbach 
et al., 2014e). In zukünftigen Untersuchungen soll mittels Proteomik der 
Proteinstoffwechsel im Sinne eines funktionellen Proteoms der Harnblase durch 
Implementierung von 15N-Markierungsexperimenten erforscht werden. Hierdurch 




HDL-Proteomik zur Charakterisierung des kardiometabolischen Risikos 
Die Priorität der Proteomik liegt in der globalen Darstellung des Proteoms durch die 
massenspektrometrische Bestimmung von Peptid-spezifischen Massenspektren (Doran 
et al., 2007). Das Proteom umfasst die Gesamtheit aller Proteine in einem Zellverbund, 
aus einem Gewebeextrakt bzw. fluiden Kompartimenten. Es wird wesentlich von der 
Neusyntheserate bei gleichzeitigem Abbau oder Protein-Elimination aus den jeweiligen 
Kompartimenten bestimmt. Die Erforschung des Proteoms durch Shotgun-Proteomik 
stellt sich der Herausforderung, einen repräsentativen Anteil des Proteoms abzubilden. 
Insbesondere die Reproduzierbarkeit und Vergleichbarkeit zwischen verschiedenen 
Proteomik-Ansätzen ist nur eingeschränkt möglich und unterliegt sowohl der Varianz 
des zu analysierenden Proteingemischs, der Probenaufbereitung, der Auftrennung des 
Proteingemischs und der nachfolgenden massenspektrometrischen Analysemethode 
(Tabb et al., 2010). Moderne Proteomik-Ansätze präferieren eine höchstmögliche 
Auftrennung des Proteingemischs vor der eigentlichen Massenspektrometrie, um die 
Identifikationsrate zu steigern (Taylor et al., 2009). Eigene Untersuchungen des HDL-
Proteoms verweisen auf den Vorteil einer 2D-nanoLC-MS/MS-Proteomik-Plattform 
(Nägele et al., 2004). Insbesondere eine verbesserte zweidimensionale Auftrennung des 
HDL-Proteingemischs mittels Kationenaustauscher (SCX) und Umkehrphasen-
chromatographie vor einer massenspektrometrischen Analyse erhöht die 
Proteinidentifikation erheblich.  
Eine weitere Herausforderung in der Bestimmung eines Proteingemischs ist die 
Zuordnung der ermittelten Peptidspektren zu bekannten, in einer Datenbank 
verfügbaren Spektren (Malm et al., 2014). In eigenen Untersuchungen des HDL-
Proteoms (Kapitel 5.3.4) wurde deutlich, dass ca. 45% der ermittelten MS-Spektren 
einer bekannten Peptidsequenz zugeordnet werden konnten. Ein weiterer 
Sequenzabgleich mit den Peptidspektren des bakteriellen Proteoms führte zur 
Erkenntnis, dass HDL-Partikel bakterielle Proteine implementieren (Abbildung 15, 
Kapitel 5.3.4). Insgesamt konnten in diesem Studienansatz 494 HDL-assoziierte 
Proteine identifiziert werden und 55% der ermittelten Spektren können nicht sicher 
annotiert werden. Mit zunehmendem Erkenntnisgewinn im Wissenschaftsgebiet der 
Proteomik und vermehrten Datenbankeinträgen ist vorstellbar, dass in zukünftigen 
Analysen weitere Proteine dem HDL-Proteom zugeordnet und daraus abgeleitet, neue 
HDL-Funktions-Assays entstehen könnten.  
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Wenn es um die Abschätzung von kardiovaskulären Risiken geht, belegen schon heute 
Studien den Vorteil in der Bestimmung der Fähigkeit des Cholesterin-Transports von 
HDL-Partikeln im Vergleich zur HDL-Cholesterinkonzentration (Rohatgi et al., 2014). 
Insbesondere im Kindes- und Jugendalter werden Surrogat-Parameter wie die HDL-
Funktion benötigt, um das Risiko für Herz-Kreislauf-Erkrankungen nachhaltig 
abschätzen zu können. Das Lipoprotein HDL regelt u.a. die Endothelfunktion via 
Stimulation der Stickstoffmonoxid(NO)-Freisetzung. Die Prüfung der HDL-Funktion in 
Kindern und Jugendlichen mit Adipositas zeigt eine verminderte eNOS-Ser1177-
Phosphorylierung (Indikator für gesteigerte NO-Syntheseleistung) und eine erhöhte 
Phosphorylierung von eNOS-Thr495 (Indikator für Inhibition) im Vergleich zu 
Normalgewichtigen. In einem post-interventionellen Beobachtungszeitraum von 6 
Monaten nach einer Lifestyle-Intervention oder einem Roux-Y-Magenbypass kann trotz 
deutlichen Gewichtsverlusts die HDL-assoziierte Dysfunktion nicht verbessert werden. 
Der zukünftige wissenschaftliche Fokus liegt in der Ermittlung des Zusammenhangs 
zwischen Gewichtsverlust und Verbesserung der HDL-Funktion. Die Funktions-Assays 
umfassen hierbei sowohl den reversen Cholesterol-Transport als auch die Fähigkeit, via 
eNOS Einfluss auf das Endothel und letztlich die Blutdruckregulation zu nehmen. 
Die Erkenntnisse über die Beladung von HDL-Partikeln mit bakteriellen Proteinen sind 
rudimentär und beschränken sich in den eigenen Arbeiten auf eine deskriptive Statistik 
(Kapitel 9.1.2). Grundsätzlich sprechen die Erkenntnisse jedoch für die Interaktion 
zwischen HDL-Partikeln und der Elimination von bakteriellen Bestandteilen. 
Vorstellbar ist die Beladung des HDL-Proteoms mit bakteriellen Proteinen durch 
dendritische Zellen wie Makrophagen, die eine besondere Stellung durch Phagozytose 
von Bakterien in der Immunabwehr einnehmen (Gong et al., 2012). Ein weiterer 
zukünftiger Forschungsansatz fokussiert auf die Rolle des HDLs und dessen Interaktion 
mit immunvermittelter Bakterienabwehr bei septisch-embolischen Ereignissen im 
adipösen Phänotyp. Selbst die Beladung der HDL-Partikel mit bakteriellen Proteinen 
könnte als Surrogat für eine Bakteriämie herangezogen werden oder im Fall einer 
systemischen Infektion mit mikrobiologisch negativer Blutkultur eine mögliche 
kalkulierte Antibiosetherapie unterstützen.  
Der Zusammenhang zwischen den Erkrankungen des Herz-Kreislauf-Systems und einer 
Bakteriämie wird bis dato nur unzureichend verstanden. Die besondere Rolle von 
Lipoproteinen wie dem HDL in der Pathogenese der Arteriosklerose konnte in einer 
Vielzahl von Studien eindrucksvoll belegt werden (Maranhão und Freitas, 2014; Rader 
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und Hovingh, 2014; Uehara und Saku, 2014), jedoch ist unklar, ob die Beladung von 
HDL mit bakteriellen Proteinen aus infizierten Organstrukturen stammt oder ob bereits 
via Chylomikronen ein Teil der bakteriellen Proteine aus dem Darm aufgenommen 
wird. Die Anforderung an das Verständnis über diese Regelmechanismen wird umso 
komplexer, wenn die Rolle der Adipositas-assoziierten Bakteriämie in der Entstehung 
von Herz-Kreislauf-Erkrankungen im Vordergrund des wissenschaftlichen Bemühens 
steht.  
Metaproteom zur Darstellung des funktionellen Mikrobioms 
Die Volkskrankheit Adipositas summiert eine Vielzahl von Stoffwechselveränderungen, 
die auch in einem im Verhältnis zu Normalgewichtigen unterschiedlichen Mikrobiom 
münden (Sanchez et al., 2014; Hartstra et al., 2015). Bis zum heutigen Tag ist nicht 
wirklich geklärt, inwieweit Adipositas und dessen Komorbiditäten das Mikrobiom 
bestimmen oder in welchem Umfang das Mikrobiom Adipositas triggert. In eigenen 
Untersuchungen des Metaproteoms bei Adipositas im Kindes- und Jugendalter konnten 
mittels Shotgun-Proteomik in den Darmausscheidungsexkrementen 613 verschiedene 
Bakterien-spezifische Proteine ermittelt werden. Etwa 81% der Proteine wurden der 
Phyla der Bacteroidetes in der normalgewichtigen Gruppe zugeordnet (Ferrer et al., 
2013). Es zeigte sich jedoch, dass die Proteom-Zusammensetzung und deren relative 
Verteilung keinen wesentlichen Unterschied zwischen den Phänotypen konstatieren 
lässt. Obwohl sich das Mikrobiom zwischen den Gruppen im Hinblick auf das 
Genrepertoire und das funktionelle Profil ähnelt, zeigen sich Hinweise für einen 
unterschiedlichen Stoffwechsel im Bereich der De Novo-Synthese von B12-beteiligten 
Bakterien sowie 1,2-Propandiol-Katabolismus, Butyrat-Produktion und Vitamin-B6-
Synthese.  
Die Erkenntnisse aus den Stuhlproben lassen jedoch keine direkte Aussage über die 
Mukosa-assoziierte Mikrobiom-Präsenz zu. Um das lokale Mikrobiom unter dem 
Einfluss einer Adipositas zu untersuchen, nutzten die eigenen Studien ein Rattenmodell 
(Haange et al., 2012). Im Wesentlichen konnte durch die Anwendung einer 
Metaproteom-Plattform das funktionelle Mikrobiom in verschiedenen Abschnitten des 
Dickdarms ermittelt werden. Der Vergleich zwischen dem Schleimhaut-Mikrobiom und 
der Zusammensetzung des Kots ergab nur eine geringe Übereinstimmung der Phyla und 
des funktionellen Mikrobioms. Aus dieser Erkenntnis lässt sich ableiten, dass künftige 
Forschungsanstrengungen sich stärker mit dem Mukosa-assoziierten Mikrobiom 
beschäftigen müssen. Eigene weiterführende Studien im HFD-getriggerten 
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Adipositasmodell der Ratte nutzten die Möglichkeit via 15N-Markierung von 
Aminosäuren der Nahrungsquelle, um den Stickstofffluss im Mikrobiom zu beobachten. 
Hierbei können Ableitungen über die metabolisch aktiven Bakterien und deren 
Interaktion mit dem Wirt getroffen werden.  
Zusammenfassend zeigt die Bewertung der eigenen Forschungen auf dem Gebiet der 
Proteomik, dass in der translationalen Adipositas- und Stoffwechselforschung der 
Untersuchungsansatz der Shotgun-Proteomik zur Hypothesengenerierung und 
Validierung gut geeignet ist. Die Vorteile der Bestimmung des Proteoms gegenüber der 
Abbildung der Genregulation liegen in der Abbildung tatsächlich prozessierter Proteine 
und durch Ex-vivo- und/oder In-vivo-Proteinmarkierungsexperimente kann sogar die 
Aktivität der Proteinsynthese abgeschätzt werden. Die Analyse des Proteoms mittels 
Proteomik gestattet zusätzlich zur Darstellung einzelner Proteine die Aufdeckung 
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Abstract
Rationale: Inflammatory cytokines like tumor necrosis factor alpha (TNF-a) are elevated in congestive heart failure and are
known to induce the production of reactive oxygen species as well as to deteriorate respiratory muscle function.
Objectives: Given the antioxidative effects of exercise training, the aim of the present study was to investigate if exercise
training is capable of preventing a TNF-a induced loss of diaphragmatic force in mice and, if so, to elucidate the potential
underlying mechanisms.
Methods: Prior to intraperitoneal injection of TNF-a or saline, C57Bl6 mice were assigned to four weeks of exercise training
or sedentary behavior. Diaphragmatic force and power generation were determined in vitro. Expression/activity of radical
scavenger enzymes, enzymes producing reactive oxygen species and marker of oxidative stress were measured in the
diaphragm.
Main Results: In sedentary animals, TNF-a reduced specific force development by 42% concomitant with a 2.6-fold increase
in the amount of carbonylated a-actin and creatine kinase. Furthermore, TNF-a led to an increased NAD(P)H oxidase activity
in both sedentary and exercised mice whereas xanthine oxidase activity and intramitochondrial ROS production was only
enhanced in sedentary animals by TNF-a. Exercise training prevented the TNF-a induced force reduction and led to an
enhanced mRNA expression and activity of glutathione peroxidase. Carbonylation of proteins, in particular of a-actin and
creatine kinase, was diminished by exercise training.
Conclusion: TNF-a reduces the force development in the diaphragm of mice. This effect is almost abolished by exercise
training. This may be a result of reduced carbonylation of proteins due to the antioxidative properties of exercise training.
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Introduction
Impaired skeletal muscle function is frequently seen in a large
variety of systemic disorders including congestive heart failure
(CHF) and sepsis [1,2]. While the above disorders develop in quite
distinct clinical conditions, they all inflict similar skeletal muscles
dysfunctions, including impaired contractility, reduced muscle
protein synthesis, and enhanced muscle protein degradation and
ubiquitination [1,3,4]. However, not only are the peripheral
muscles affected by these mechanisms but also the respiratory
muscles, in particular the diaphragm, which may also develop
a secondary myopathy [5]. In the clinical context, respiratory
muscle dysfunction is accompanied by increased morbidity and
mortality in CHF [5,6].
One important mechanism that is common in secondary
myopathies is the prevalence of elevated inflammatory cytokines.
Increased cytokine levels have been detected in the serum and/or
in skeletal muscle tissues both in CHF and sepsis [7,8,9,10].
Tumor necrosis factor alpha (TNF-a) is a proinflammatory
cytokine that is elevated in the circulation of individuals with
severe CHF promoting pathological symptoms [11,12,13]. Exog-
enous TNF-a administered either in vitro [14,15] or in vivo
[16,17] depresses specific force (i.e., force per cross-sectional area)
of limb and respiratory muscles. This response develops within
hours [16,17] and persists with prolonged exposure [18]. The
decline in specific force is accompanied by an increase in muscle-
derived oxidants and can be opposed by administration of
antioxidants [18,19].
Reactive Oxygen Species (ROS), e.g. hydrogen peroxide, are
known to stimulate ubiquitin-conjugating activity and expression
of genes for specific E2 and E3 proteins in skeletal muscle [20].
Recently, we were able to show that the TNF-a induced loss of
muscle force is Muscle Ring Finger 1 (MurF1) dependent in
peripheral soleus muscle, which therefore suggests the Ubiquitin-
Proteasome-System (UPS) plays a central role in TNF-a induced
force reduction [16]. The UPS is an ATP requiring multi-
enzymatic process. Proteins degraded by the UPS are first
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conjugated to ubiquitin. This reaction requires the activation of
ubiquitin by the ubiquitin activating enzyme (E1), transfer to an
ubiquitin conjugating enzyme (E2), and subsequent linkage to the
lysine residue of proteins destined for degradation (E3) [21].
It is well accepted that exercise training exerts antioxidative
effects to the skeletal muscle in CHF, in particular due to an
augmentation in the activity of radical scavenger enzymes
[8,22,23,24,25]. Furthermore, exercise training reduces the
catabolic activation caused by CHF in rats [26] and humans with
moderate [27] and severe CHF [28].
The aim of the present study, therefore, was to test the
hypothesis that an exercise training program is capable of
preventing the TNF-a induced loss of muscle contractile force in
the diaphragm of mice. In addition, potential molecular mechan-
isms responsible for the TNF-a induced force reduction and
protective effects of exercise training were also analyzed.
Materials and Methods
Animal Groups
The local Council for Animal Research (Regierungspräsidium
Leipzig/Saxonia/Germany) approved all experimental protocols
(TVV 33/09). We performed a power analysis based on our results
in soleus muscle prior to the study [16]. Choosing a power of 90%
and 5% type I error, we calculated that a sample size of at least
eight mice in each subgroup were required to detect significant
differences (2 SD) in force development by ANOVA. With respect
to possible animal loss during the study, a total of 40 female
C57Bl6 mice (Medizinisch-Experimentelles Zentrum, University
of Leipzig) were included. At the age of two months mice were
randomized to exercise training (ET, n = 20) or a sedentary
lifestyle (control group, n = 20). After a period of four weeks of ET
or sedentary behavior, mice were randomly injected intraperito-
neally (IP) with 100 ng/g body weight recombinant TNF-a (n = 10)
(Sigma, Taufkirchen, Germany) or with an equal volume of
physiological saline solution (n = 10). This dose of TNF-a is known
to result in measurable and reliable effects of TNF-alpha on
peripheral and diaphragmatic muscle function as described
previously [16,19]. The animals were sacrificed twenty-four hours
after the injection of TNF-a using Pentobarbital (150 mg/kg body
weight). Diaphragm bundles from the right hemidiaphragm were
used for functional assessment by determining the force and power
generation using a standardized in vitro electro stimulation
protocol. The contralateral hemidiaphragm was frozen in liquid
nitrogen for further analysis.
Exercise Protocol
Mice assigned to the exercise group were accustomed to run on
a motorized rodent treadmill with a shock-plate incentive. The
slope of the treadmill was kept constant at 5u. Mice were trained at
a speed of 15 m/min for 60 min/day with 2-minute rest intervals
every 15 minutes for five days a week, as described previously [29].
All of the mice were confined to their individual cages throughout
the study.
Contractile Measurements
For functional assessment, a diaphragm bundle from the right
hemidiaphragm was incubated in an oxygenated physiological
buffer. The isolated muscle bundle was fixed with a silk suture at
the central tendon and the proximal junction to the ribs, and
mounted in an organ bath for measurement of muscle contractile
function (Aurora Scientific, Aurora, Ontario, Canada) as de-
scribed previously [16]. For a detailed description, please refer to
Manuscript S1.
Quantification of Enzymatic Activities
The frozen biopsy samples were homogenized in RIPA buffer
containing proteinase inhibitors (Inhibitor mix M, Serva, Heidel-
berg, Germany) and protein content was determined (BCA assay,
Pierce, Bonn, Germany). Enzymatic activities of NAD(P)H oxidase
[30], aconitase [31], fumarase [32], glutathione peroxidase (GPX)
[33], catalase [34], superoxide dismutase (SOD) and manganese
superoxide dismutase (Mn-SOD) [35] as well as creatine kinase
(CK) [36] were measured according to standard protocols and
expressed as milliunits or units per milligram protein. Activity of
xanthine oxidase was measured using a commercial kit according
to the manufactures instruction (BioVision, Mountain View, CA,
USA).
Calpain enzymatic activity was measured as recently described
[37] using the fluorogenic peptide Suc-LLVY-AMC (Biomol,
Hamburg, Germany) and a highly specific calpain inhibitor
(Calpain inhibitor III, Calbiochem, Darmstadt, Germany).
RNA Isolation and Quantification of mRNA Expression
Total RNA was isolated from diaphragm muscle tissue using
RNeasy (Qiagen, Hilden, Germany), and reverse transcribed into
cDNA using random hexamers and Sensiscript reverse transcrip-
tase (Qiagen, Hilden, Germany). An aliquot of the cDNA was used
for quantitative RT-PCR applying the LightCyclerTM (Roche
Diagnostics Inc). The expression of specific genes was normalized
to the expression of Hypoxanthin-Phosphoribosyl-Transferase
mRNA (HPRT). For a detailed description of the used primers
and conditions, please refer to table 1 in Manuscript S1.
Quantification of Protein Expression
Frozen tissue samples were homogenized in RIPA buffer
containing a mixture of protease inhibitor (inhibitor mix M,
Serva, Heidelberg, Germany) and protein expression was quan-
tified by Western blot using specific antibodies to MuRF1
(generous gift of Dr. S. Labeit, University Mannheim, Germany)
and MafBx (generated in rabbits against the following peptide
sequence CYPRKEQYGDTLQL, Eurogentec, Seraing, Bel-
gium). After incubation with a horseradish peroxidase-conjugated
Table 1. Baseline characteristics of the mice and diaphragm strips.
Sedentary+NaCl Sedentary+TNF-a Exercise+NaCl Exercise+TNF-a
body mass [g] 18.360.8 18.860.7 18.960.9 18.060.7
diaphragm strip length [cm] 0.6660.1 0.6360.05 0.6260.05 0.6460.07
diaphragm strip mass [mg] 5.261.4 5.061.0 5.060.08 4.560.08
diaphragm CSA [cm2] 0.00760.001 0.00760.002 0.00860.001 0.00760.001
doi:10.1371/journal.pone.0052274.t001
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secondary antibody, specific bands were visualized by enzymatic
chemiluminescence (Super Signal West Pico, Pierce, Bonn,
Germany) and densitometry was quantified using a 1D scan
software package (Scanalytics, Rockville, USA). Loading differ-
ences were controlled by re-probing the blot with an antibody
against GAPDH (Hytest, Turku, Finland).
Detection and Identification of Specific Carbonylated
Proteins by 2D-gel Electrophoresis
Oxidized proteins were labeled with Alexa 488 Fluorescent
Hydroxylamine and separated on a 2D-gel electrophoresis [38].
For further details, please refer to Manuscript S1.
Proteasome Activity
The peptidase activities of the proteasome in the cytosolic
fraction were determined as recently described [39]. For further
details, please refer to Manuscript S1.
Statistics
All data are expressed as mean value 6 standard error of the
mean. Intergroup comparisons were performed with two-way
ANOVA followed by a post test according to Tukey using
GraphPad Prism v.2.01, GraphPad Software, San Diego, CA. A
probability value of ,0.05 was considered statistically significant.
Results
Baseline
Animals of the four groups did not differ with regard to body
mass, diaphragm strip lengths, diaphragm strip mass and
diaphragm cross sectional area (table 1).
Impact of TNF-a and Exercise Training on Force and
Power Development in Diaphragm
As shown in Figure 1A, 24 hours after a single intraperitoneal
injection of TNF-a into sedentary C57Bl6 mice, specific force
development was significantly lower over the whole examined
frequency spectrum in comparison to sedentary sham treated
animals. Specific peak tetanic force development at 125 Hz was
42% lower in sedentary mice after administration of TNF-
a (Figure 1B). As depicted in Figure 1A and B, exercise training
almost entirely abolished the TNF-a induced loss of force in the
diaphragm of mice.
Figure 1. Force development is impaired in sedentary animals treated with TNF-a as shown by the force-frequency-relation (A).
Specific peak tetanic force development (B) is reduced by ,42% due to a single intraperitoneal TNF-a administration. This loss of force can be almost
prevented by extensive exercise training four weeks prior to TNF-a administration. Power of the diaphragm is also reduced in sedentary mice by TNF-
a, but this can be essentially prevented by exercise training (C and D). *p,0.01 vs. sedentary+NaCl and exercise+TNF-a; n = 10 per group.
doi:10.1371/journal.pone.0052274.g001
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Exercise training itself had no influence on the force de-
velopment since there was no difference between exercised and
sedentary sham treated mice.
Since power is calculated as the product of force (N/cm2) and
shortening velocity (length/s) and no significant differences in
shortening velocity were detectable (data not shown), power
followed the same pattern as the above described force de-
velopment: Figure 1C and D shows the diminished power in TNF-
a treated sedentary animals compared to sham treated sedentary
mice. Exercise training significantly attenuated the TNF-a induced
power reduction.
Expression and Activity of Antioxidative Enzymes
As depicted in Figure 2A and B, mRNA expression and activity
of GPX were significantly induced by exercise training. TNF-
a itself had no influence on expression or activity of GPX. Neither
expression nor activity of catalase was influenced by exercise
Figure 2. mRNA expression (A) and activity (B) of glutathione peroxidase (GPX) is induced by exercise training but not by TNF-a.
Expression and activity of catalase is not influenced by exercise training or TNF-a administration (C; D). The activity of total superoxide dismutase
(SOD) and manganese superoxide dismutase (Mn-SOD) is not affected by exercise training or TNF-a administration (E, F). *p,0.01 vs. sedentary+NaCl,
1p,0.05 vs. sedentary+TNF-a, n = 10 per group.
doi:10.1371/journal.pone.0052274.g002
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training or TNF-a injection after 24 hours (Figure 2C and D). The
activity of total SOD and Mn-SOD was also not altered by
exercise training or TNF-a (Figure 2E and F).
ROS Producing Enzymes and Markers of Oxidative Stress
To determine the source of ROS, enzymatic activity of
NAD(P)H oxidase was measured. After TNF-a administration,
there was a significantly higher activity of NAD(P)H oxidase in
both sedentary and exercised animals (Figure 3A).
Another important source of ROS, in particular the superoxide
anion, is xanthine oxidase. As depicted in Figure 3B, activity of
xanthine oxidase is enhanced in sedentary animals treated with
TNF-a compared to sham ones. No significant increase in
xanthine oxidase was detectable in exercised animals after the
influence of TNF-a.
As an indirect marker of intramitochondrial ROS, the ratio of
aconitase to fumarase activity was reduced in sedentary animals
treated with TNF-a compared to shams indicating an increased
intramitochondrial ROS concentration. No significant decrease in
the ratio of aconitase to fumarase activity was detectable in
exercised animals after TNF-a administration.
Carbonylated proteins are an established marker of oxidative
stress [40]. In search for specific carbonylated proteins which may
be responsible for the TNF-a induced loss of force, we applied 2D-
gel analysis specifically focusing on carbonylated proteins
(Figure 4A). The most striking changes were seen in the
myofibrillar protein a-actin and the energy providing enzyme
creatine kinase (CK): We detected a 2.6-fold increase in
carbonylated a-actin in sedentary animals after TNF-a treatment
whereas only a 1.4-fold increase was evident in exercised animals
(Figure 4B and C). Comparing sedentary animals treated with
TNF-a with exercised animals treated with TNF-a, the amount of
carbonylated a-actin was significantly lower in the exercise group
(Figure 4B and C).
Furthermore, there was a 2.6-fold increase of carbonylated CK
in sedentary animals after TNF-a treatment, whereas only a 1.3
fold increase was evident in exercised animals. Comparing
sedentary animals treated with TNF-a with exercised animals
treated with TNF-a again, the amount of carbonylated CK was
significantly lower in the exercise group (Figure 4B and C).
Carbonylation of a-actin (Figure 5A) as well as CK (Figure 5B)
was inversely correlated with force development. Furthermore, the
activity of CK was significantly reduced in the diaphragm of
sedentary animals treated with TNF-a, whereas no effect on CK
activity after TNF-a administration was evident in exercised
animals (Figure 6A). CK activity correlated significantly with force
development (r = 0.44, p,0.05, Figure 6B).
Expression of Ubiquitin E3-ligases, Proteasome Activity
and Calpain Activity
Given that the muscle specific E3-ligase MurF1 plays a central
role in TNF-a mediated loss of force in soleus muscle [16], we also
examined the expression of MurF1 and a further E3-ligase MafBx
in the diaphragm of our mice.
As shown in Figure 7, the mRNA and protein expression of
MurF1 and MafBx were not altered by exercise or TNF-
a administration in our animals.
The assessment of proteasome activity revealed a significantly
higher activity under the influence of TNF-a in sedentary C57Bl6
mice, which was not detectable in exercised mice with respect to
trypsin-like activity (Figure 8A) and peptidylglutamyl-peptide
hydrolyzing activity (Figure 8B). Chemotryptic activity was not
altered by a single intraperitoneal injection of TNF-a or exercise
training (Figure 8C). Despite the enhanced proteasome activity, no
difference in the total amount of main structural muscle proteins
(a-actin, myosin light chain, troponin T, C and I) were detectable
after this single and short term administration of TNF-a (see
Figure S1). Noteworthy, the amount of carbonylated a-actin and
CK were correlated to the above mentioned proteasome activities:
R = 0.50 and R = 0.57 for a-actin with trypsin-like and peptidyl-
glutamyl-peptide hydrolyzing activity, respectively (p,0.01) as
Figure 3. Possible sources of ROS: Activity of NAD(P)H oxidase
(A) is induced by TNF-a in both sedentary and exercise trained
animals. In contrast, activity of xanthine oxidase (B) and mitochondrial
derived ROS, indirectly measured as the ratio of aconitase to fumarase
activity (C), were only altered in sedentary mice treated with TNF-
a whereas exercise training prevented an increase in xanthine oxidase
activity or an inhibition of aconitase/fumarase activity via mitochondrial
ROS by TNF-a. *p,0.05 vs. sedentary+NaCl, 1p,0.05 vs. exercise+NaCl,
$p,0.05 vs. sedentary+NaCl and exercise+TNF-a, n = 10 per group.
doi:10.1371/journal.pone.0052274.g003
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Figure 4. 2-D gel electrophoresis (A) revealed 2.6-fold increase in carbonylated a-actin and carbonylated CK, depicted as a ratio of
carbonylated a-actin to total a-actin or carbonylated CK to total CK, respectively. Exercise training diminished the carbonylation of a-actin
and CK (B and C). In D and E the results of the MALDI TOF analyses are depicted confirming that the spots are a-actin and CK. KO = sedentary mice,
ET = exercised mice. Sedentary+NaCl n = 7, Sedentary+TNF- a n = 8, Exercise+NaCl n = 8, Exercise+TNF- a n = 7.
doi:10.1371/journal.pone.0052274.g004
Figure 5. Carbonylation of a-actin (A) and CK (B), depicted as ratio of carbonylated protein to total protein, are inversely correlated
to peak tetanic force development. Sedentary+NaCl n = 7, Sedentary+TNF- a n = 8, Exercise+NaCl n = 8, Exercise+TNF- a n = 7.
doi:10.1371/journal.pone.0052274.g005
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Figure 6. Total CK activity (A) in the diaphragm is reduced in sedentary animals treated with TNF-a compared to sham treated
sedentary animals and TNF-a treated exercise trained animals. Activity of CK is correlated to peak tetanic force development (B). *p,0.05 vs.
sedentary+NaCl and exercise+TNF-a; n = 10 per group.
doi:10.1371/journal.pone.0052274.g006
Figure 7. The mRNA and protein expression of MurF1 (A and B) and MafBx (C and D) is not affected by TNF-a or exercise training.
doi:10.1371/journal.pone.0052274.g007
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Figure 8. Trypsin-like (A) and peptidylglutamyl-hydrolizing activity of the proteasome (B) is enhanced by TNF-a in sedentary mice
whereas no increase is detectable in exercise trained animals. Chemotryptic activity is not affected by both exercise and TNF-a (C). Neither
TNF-a nor exercise training changed the activity of Calpain significantly (D). *p,0.05 vs. sedentary+NaCl and exercise+TNF-a, n = 10 per group.
doi:10.1371/journal.pone.0052274.g008
Figure 9. Working model for the TNF-a induced loss of contractile force in the diaphragm occurring after 24 hours and its
prevention by exercise training. Thin lines indicate that these pathways are probably not involved in the TNF-a induced loss in diaphragmatic
force as far as supported by our data.
doi:10.1371/journal.pone.0052274.g009
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well as R = 0.49 and R = 0.46 for CK with trypsin-like and
peptidylglutamyl-peptide hydrolyzing activity, respectively
(p,0.05).
Furthermore, calpain activity was not significantly different
between the four groups in this experimental setting (Figure 8D).
Discussion
Three key findings emerge from this study:
(1) A single intraperitoneal injection of TNF-a induced a ,42%
decrease in specific force development in the diaphragm of
sedentary mice after 24 hours. This loss of force was almost
entirely prevented by intensive exercise training over four
weeks prior to TNF-a administration.
(2) TNF-a administration resulted in increased oxidative stress
indicated by carbonylation of proteins, in particular of a-actin
and creatine kinase. Exercise training was able to attenuate
the TNF-a induced carbonylation of a-actin and CK. This
may be due to an improvement in antioxidative capacity by
the exercise program.
(3) TNF-a treatment increased proteasome activity by ,40% in
the sedentary group. This increase was impeded by exercise
training.
It is well accepted that TNF-a administration leads to impaired
force development in the diaphragm of several animal models such
as mice [19], dogs [17] and hamsters [41]. It is supposed that this
effect is transmitted by reactive oxygen species since it is
preventable by the administration of antioxidants such as Trolox
[19].
However, exercise training also exerts antioxidative effects, in
particular due to an augmentation in activity of radical scavenger
enzymes [8,23,24,25] mimicking the administration of an antiox-
idant. In this study, mRNA-expression and activity of glutathione
peroxidase were enhanced by exercise training, whereas the
enzymatic activity of catalase, SOD and Mn-SOD was not
affected by the exercise intervention. This finding is in line with
data derived from skeletal muscles of CHF patients, where the
activity of GPX is enhanced by a six months exercise program but
the activity of SOD is not [24]. In particular, the failure to increase
superoxide anion producing enzymes in exercise trained animals
(see below) may explain the unchanged activity of total SOD and
Mn-SOD in those mice since they are the main detoxifying
enzymes of superoxide anions.
NAD(P)H oxidase, one major source of ROS in skeletal muscle
[40], showed an elevated activity in both sedentary and exercised
animals after TNF-a injection. In contrast, however, intramito-
chondrial ROS (indirectly assessed by the ratio of aconitase/
fumarase activity [42]) and the activity of xanthine oxidase (an
important source of superoxide anions in skeletal muscle [40])
were only enhanced in sedentary animals treated with TNF-a, and
exercise training prevented ROS production via xanthine oxidase
or the mitochondria. Xanthine oxidase activity is induced by
TNF-a and can be prevented by neutralizing anti-TNF-a anti-
bodies [43]. The mechanism by which exercise training can
prevent the TNF-a induced increase in xanthine oxidase activity
remains unknown.
With regard to aconitase, ROS-mediated inactivation of the
enzyme can be overcome, possibly by an exercise induced
dephosphorylation of the enzyme [31]. These data indicate that
exercise training affects both the production of ROS by TNF-
a susceptible enzyme like xanthine oxidase and detoxification of
ROS via increased glutathione peroxidase activity.
As mentioned above, ROS are supposed to play a central role in
transmitting the force-impairment effect of TNF-a in the
diaphragm [19], but it remains unclear which exactly defined
proteins are affected by oxidation leading to force impairment.
Protein carbonylation is a primary marker of oxidative stress,
a state when ROS production increases to levels beyond the
buffering capacity of muscle antioxidant systems [40]. Protein
carbonylation is both irreversible and results in irreparable
damage. It is a result of a particular type of redox reaction
characterized by the addition of carbonyl groups and is the
consequence of a cascade of several oxidative reactions [40].
Carbonylation of several myofilaments, mitochondrial and cyto-
solic proteins seem to contribute to cardiac and skeletal muscle
dysfunction in both animal models of CHF, COPD, sepsis or
cancer, and humans with eponymous diseases [44,45].
For this reason, we searched for carbonylated proteins using
2D-gel electrophoresis. Due to the fast onset of diaphragm
dysfunction, we assumed myofibrillar proteins and proteins
involved in energy production as possible targets of carbonylation.
We detected a 2.6-fold increase in carbonylated a-actin and
carbonylated CK in sedentary, TNF-a treated mice. This is in line
with the current literature where a-actin and CK are described as
the major proteins affected by carbonylation in many scenarios
[40]. Exercise training attenuated this ROS mediated protein
modification, indicating that carbonylation and consequently
irreversible damage of the thin filament and energy transfer
enzyme may be responsible for the TNF-a induced loss of muscle
force in the diaphragm. This hypothesis is supported by an inverse
correlation between carbonylated a-actin and CK with specific
force development. Furthermore, we were able to detect a reduced
total CK activity in sedentary animals treated with TNF-a. This
TNF-a induced loss of activity was prevented by exercise training,
with the activity of CK correlated to specific force development.
Since the work of Bessmann and colleagues, it is generally
accepted that an intact function of the CK shuttle is essential for
muscle function [46].
The carbonylation of a-actin also has deleterious effects and
destroys the organization of the thin filament. A study of Dalle-
Donne and colleagues revealed that exposing actin to hypochlor-
ous acid causes a rapid increase in carbonylation, a result of
oxidation of methionines, tryptophans and lysines [47]. They also
suggested that carbonylation of some methionine residues in actin
results in strong inhibition of actin polymerization and a complete
disruption of the actin-filament organization which may contribute
to an impaired force development [47].
In contrast to the peripheral soleus muscle [16], neither MurF1
nor MafBx mRNA and protein expression were induced by TNF-
a in the diaphragm of sedentary mice. Since there was a clear
induction of MurF1 in peripheral soleus muscle, we assume that
the ubiquitin dependent proteolytic function of the proteasome,
contrary to the soleus muscle, does not contribute to the acute
TNF-a induced loss of force in the diaphragm.
Interestingly, proteasome activity, in particular trypsin-like and
petidylglutamyl-peptide hydrolyzing activity, was enhanced in
sedentary animals by TNF-a which could be prevented by exercise
training. Carbonylation of a-actin and CK was significantly
correlated to the before mentioned proteasome activities. One
possible explanation for this finding may be an ubiquitin-
independent proteolytic function of the proteasome which is
described for oxidized proteins [48,49], linking carbonylation and
proteasome system together. This linkage is supported by a study
describing an accumulation of carbonylated proteins due to
a diminished proteasome activity in astrocytes of chronic
experimental autoimmune encephalitis mice [50].
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Furthermore, a study by Supinski and colleagues provides
strong evidence that the proteasome system itself is not directly
involved in the acute force loss in the diaphragm and seems to be
a bystander during this early phase of damage [51]. Testing three
different proteasome inhibitors, none of these substances was able
to restore the diaphragmatic loss of force due to administration of
E. coli lipopolysaccharide despite a clear inhibition of proteasome
based proteolysis [51]. Since the ubiquitin-proteasome system does
not affect an intact protein lattice but only ones released from its
original site, it is more likely that other proteases like caspase and
calpain may play a role in the inflammatory diaphragmatic
dysfunction. Indeed, Supinski and colleagues demonstrated that
inhibition of both calpain and caspase was able to attenuate the
diaphragmtic force loss induced by cecal ligation puncture, a model
of sepsis [37]. In contrast, calpain showed no significant changes in
activity under the single influence of TNF-a in sedentary and
exercise trained animals in our study.
Since it was our aim to investigate the impact of one single
inflammatory cytokine (TNF-a) on diaphragmatic function and to
elucidate potential biochemical pathways, we used the artificial
model of intraperitoneal injection of TNF-a. Therefore, the results
of this study cannot be translated into certain diseases like CHF or
sepsis. Further studies in animal models of CHF or sepsis are
necessary to investigate the proposed mechanisms under the
circumstances of a specific disease. In addition, we only in-
vestigated one specific exposure time of TNF-a (after 24 hours).
For this reason, other mechanisms, e.g. enhanced proteolysis, may
be relevant after long term exposure.
Conclusion
In conclusion, the results of this study suggest that the
administration of TNF-a led to a significant loss of diaphragmatic
force and power. This was probably due to a ROS mediated
increase in carbonylation of a-actin and CK, two important
components of force generation. Exercise training, however,
resulted in an elevation of the radical scavenger enzyme GPX as
well as a prevention of TNF-a induced increase in xanthine
oxidase activity and mitochondrial ROS production, thereby
lowering the ROS mediated carbonylation of a-actin and CK to
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Bowen TS, Mangner N, Werner S, Glaser S, Kullnick Y,
Schrepper A, Doenst T, Oberbach A, Linke A, Steil L, Schuler
G, Adams V. Diaphragm muscle weakness in mice is early-onset
post-myocardial infarction and associated with elevated protein
oxidation. J Appl Physiol 118: 11–19, 2015. First published Octo-
ber 30, 2014; doi:10.1152/japplphysiol.00756.2014.—Heart failure
induced by myocardial infarction (MI) causes diaphragm muscle
weakness, with elevated oxidants implicated. We aimed to determine
whether diaphragm muscle weakness is 1) early-onset post-MI (i.e.,
within the early left ventricular remodeling phase of 72 h); and 2)
associated with elevated protein oxidation. Ligation of the left coro-
nary artery to induce MI (n ! 10) or sham operation (n ! 10) was
performed on C57BL6 mice. In vitro contractile function of dia-
phragm muscle fiber bundles was assessed 72 h later. Diaphragm
mRNA and protein expression, enzyme activity, and individual car-
bonylated proteins (by two-dimensional differential in-gel electropho-
resis and mass spectrometry) were subsequently assessed. Infarct size
averaged 57 " 1%. Maximal diaphragm function was reduced (P #
0.01) by 20% post-MI, with the force-frequency relationship de-
pressed (P # 0.01) between 80 and 300 Hz. The mRNA expression of
inflammation, atrophy, and regulatory Ca2$ proteins remained un-
changed post-MI, as did the protein expression of key contractile
proteins. However, enzyme activity of the oxidative sources NADPH
oxidase and xanthine oxidase was increased (P # 0.01) by 45 and
33%, respectively. Compared with sham, a 57 and 45% increase (P #
0.05) was observed in the carbonylation of sarcomeric actin and
creatine kinase post-MI, respectively. In conclusion, diaphragm mus-
cle weakness was rapidly induced in mice during the early left
ventricular remodeling phase of 72 h post-MI, which was associated
with increased oxidation of contractile and energetic proteins. Collec-
tively, these findings suggest diaphragm muscle weakness may be
early onset in heart failure, which is likely mediated in part by
posttranslational oxidative modifications at the myofibrillar level.
chronic heart failure; MI: protein carbonylation; skeletal muscle
MYOCARDIAL INFARCTION (MI) is a leading cause of global mor-
bidity and mortality and represents a primary risk factor for
chronic heart failure (CHF) (13). Post-MI, two stages of left
ventricular (LV) remodeling have been defined: an “early”
stage (within 72 h) that involves the expansion of the infarct
area, and a “late” stage (beyond 72 h) where global LV
changes associated with CHF development ensue (41). CHF is
characterized by symptoms of breathlessness, muscle weak-
ness, and exercise intolerance, the latter being a strong predic-
tor of mortality (21, 31). The pathophysiology underlying these
symptoms is complex and remains poorly understood, an issue
largely complicated by the fact that central hemodynamics are
poorly associated with exercise limitation in CHF (7). In
contrast, limb skeletal muscle and ventilatory impairments
have been shown to be strong predictors of the former (7). It is
not surprising, therefore, that the most important muscle of
inspiration, the diaphragm, has reduced function following
MI-induced CHF (10, 40, 44–47), which correlates strongly to
prognosis (22, 26). While diaphragm muscle weakness is likely
a key mediator in the overall pathogenesis of CHF, little is also
still known about its temporal progression from MI to CHF
(i.e., during the early LV remodeling phase). For example, at
present, diaphragm muscle weakness post-MI is considered to
develop progressively over weeks to months (10, 40, 44–47),
but whether it is in fact early onset and mediated by similar
mechanisms that are reported to occur in CHF remains un-
known.
Diaphragm muscle weakness in MI-induced CHF is medi-
ated by muscle atrophy (i.e., loss of muscle mass) and/or
contractile dysfunction (i.e., a decrease in force normalized to
muscle mass) (10, 40, 44–47). These represent two distinct
mechanisms of muscle weakness that can act in parallel or
alone (36). Diaphragm muscle atrophy is likely caused by an
increased proteolysis [e.g., via activation of the ubiquitin
proteasome system and caspase-3 (44, 47)], whereas contrac-
tile dysfunction is likely related to oxidant-induced modifica-
tions of key proteins (9, 40). That diaphragm dysfunction is
induced only hours within specific pathologies associated with
elevated systemic inflammation and reactive oxygen species
(ROS) [e.g., sepsis (4) and mechanical ventilation (35)], where
carbonylation of myofibrillar and energetic proteins (e.g., actin,
myosin, creatine kinase) is reported, suggests a similar scenario
may also occur during the early LV remodeling phase post-MI.
Hence, the oxidative modifications of proteins may represent
an early and critical step leading to contractile dysfunction in
MI-induced CHF.
The present study, therefore, aimed to assess in vitro respi-
ratory muscle function in mice after 72 h to determine whether
diaphragm muscle weakness was induced during the early LV
remodeling phase post-MI. We hypothesized that diaphrag-
matic contractile dysfunction would be rapidly induced follow-
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ing MI, likely mediated by oxidant-induced intracellular mod-
ifications. To the best of our knowledge, no studies have yet
been performed to confirm diaphragm dysfunction is devel-
oped in mice post-MI, limiting the potential benefits offered by
transgenic strains in elucidating novel mechanisms (c.f., Ref.
18). We, therefore, selected the mouse not only on the basis of
it representing a well-established animal model of MI (27, 28,
32) that progresses to CHF (6, 15, 48), but also to serve as an
important “proof of concept” based on the advantage of future
application of transgenic strains.
METHODS
Animals and Procedures
Eight-week-old female C57 BL6 mice (n ! 20; body weight %20
g) were included in these experiments, as approved by the local
Animal Research Council, University of Leipzig (TVV 28/11). Mice
underwent surgery to induce MI (n ! 10) or sham operation (n ! 10).
Briefly, mice were anesthetized with pentobarbital sodium, intubated,
and underwent pressure-supported mechanical ventilation that lasted
on average 15 min (Animal Respirator Advanced 4601-1, TSE Sys-
tems, Bad Homburg, Germany). A thoracotomy was performed ex-
posing the left side of the heart, and a surgical silk suture (7-0) was
used to ligate the left anterior descending coronary artery. Surgery
was concluded by progressively closing deep-to-superficial anatomi-
cal layers with sutures. Sham mice underwent the same procedures but
without ligation. Mice were killed 72 h later, with the diaphragm,
heart, and lungs removed for further analysis.
Heart Function and Histology
Echocardiography (Vevo 770, Visual Sonics Europe, Amsterdam,
The Netherlands) was performed in M-mode using a 30-MHz trans-
ducer immediately before death. Mice were anesthetized by breathing
a 5% isoflurane-O2 balanced mixture (maintained at 2%), with LV
end-diastolic (LVEDD) and systolic diameters (LVESD) assessed,
allowing calculation of their product: LV fractional shortening [LVFS !
(LVEDD & LVESD/LVEDD) ' 100]. The heart was also dissected
into three transverse sections at death for histological analysis, with
the medial section fixed in 4% PBS-buffered formalin. Serial cross
sections (2 (m) were subsequently stained with hematoxylin and
eosin and mounted on glass slides. Computer imaging software
(Analysis 3.0, Olympus Soft Imaging Solutions, Münster, Germany)
was then used to demarcate the infarct boundary, defined by a
significant loss in LV myocardial tissue (i.e., a thinning in the LV wall
)2 SDs of mean wall thickness). The thinning of the LV wall also
corresponded to changes in the contrast of the image, which was used
to corroborate infarct boundary determination. Average infarct size
(%) was then quantified as the ratio of infarct circumference to overall
LV circumference (33). Only mice with infarcts )35% were included,
as this criterion has been shown to induce CHF in mice (6, 15, 48) and
also diaphragm dysfunction in rats with CHF (44, 47).
Diaphragm Preparation and Function
A laparotomy and thoracotomy were performed to allow complete
excision of the diaphragm. The right costal diaphragm muscle was
immediately snap-frozen in liquid N2 for subsequent molecular anal-
yses, while the left costal diaphragm muscle was prepared in a
Krebs-Hanseleit buffer solution (120.5 NaCl, 4.8 KCl, 1.2 MgSO4,
1.2 NaH2PO4, 20.4 NaHCO3, 1.6 CaCl2, 10 dextrose, 1 pyruvate; in
mmol/l at a pH of %7.40) at room temperature, equilibrated with 95%
O2/5% CO2 for contractile measurements. Briefly, a muscle bundle
connected from rib to central tendon was dissected, attached to silk
sutures (4-0) at either end, and mounted vertically in a buffer-filled
organ bath. The suture connected to the rib was secured to a hook at
the bottom of the bath while the tendon was tied to a length-controlled
lever system (301B, Aurora Scientific, Aurora, Canada). In vitro
muscle function was assessed by platinum electrodes stimulating the
muscle with a supramaximal current (600 mA; 500-ms train duration;
0.25-ms pulse width) via a high power bipolar stimulator (701B,
Aurora Scientific, Aurora, Ontario, Canada). The muscle bundle was
set at an optimal length equivalent to the maximal twitch force
produced, after which bath temperate was increased to 37°C, and a
15-min thermo-equilibration period followed. A force-frequency pro-
tocol was then performed at 1, 15, 30, 50, 80, 120, 150, and 300 Hz,
respectively, separated with 1-min rest intervals. Following a 5-min
period in which muscle length was measured using digital calipers, the
muscle underwent a fatigue protocol over 10 min (40 Hz every 2 s).
The muscle was subsequently detached, trimmed free from rib and
tendon, blotted dry, and weighed. Muscle force (N) was normalized to
muscle cross-sectional area (cm2) by dividing muscle mass (g) by the
product of optimal length (cm) and estimated muscle density (1.06)
(8), which allowed specific force in N/cm2 to be calculated.
Molecular Analyses
Quantification of mRNA expression, enzyme activity, and protein
expression. The relative expression of mRNA was quantified as
previously described (23). Briefly, total RNA was isolated from
muscle tissue using RNeasy and reverse transcribed into cDNA using
random hexamers and Sensiscript reverse transcriptase (Qiagen,
Hilden, Germany), where an aliquot of the cDNA was used for
quantitative RT-PCR (LightCycle 2.0, Roche Diagnostics, Mannheim,
Germany). The mRNA expression in the diaphragm and heart was
assessed for markers of inflammation (i.e., TNF-*, IL-6, IL-1+) and
also in the diaphragm for markers of atrophy [i.e., key ubiquitin
proteasome E3 ligases muscle RING finger-1 (MuRF-1) and muscle
atrophy F-box (MAFbx)] and regulatory Ca2$ proteins [i.e., ryano-
dine receptor 1 (RyR1), dihydropyridine receptor (DHPR), sarcoplas-
mic reticulum Ca2$-ATPase 2A (SERCA2A)]. The relative expres-
sion of target genes was normalized to hypoxanthine-guanine-phos-
phoribosyl-transferase via the 2&,,CT [arbitrary units (AU)] quantification
method (20), with serial dilution curves confirming similar reaction
amplification efficiencies.
In addition, frozen muscle samples were also homogenized in lysis
buffer (50 mM Tris, 150 mM sodium chloride, 1 mM EDTA, 1%
NP-40, 0.25% sodium-deoxycholate, 0.1% SDS, 1% Triton X-100;
pH 7.4) containing a protease inhibitor mix (Inhibitor mix M, Serva,
Heidelberg, Germany), sonicated, and centrifuged at 16,000 g for 5
min. The supernatant was isolated, and protein content determined
(BCA assay, Pierce, Bonn, Germany). Thereafter, enzymatic activities
of glutathione peroxidase (GPX), catalase, superoxide dismutase
(SOD), xanthine oxidase (XO), and NADPH oxidase were measured
photometrically from diaphragm homogenates by commercially avail-
able kits, in accordance with the manufacturer’s instructions (BioVision,
Milpitas, CA). Western blot of diaphragm homogenates was used to
quantify protein expression of myosin light chain, *-actin, and tro-
ponins T, I, and C, as previously described (12, 19).
Quantification of Protein Carbonylation
Sample preparation. For each muscle sample, total protein was
extracted by lysis buffer {7 M urea, 2 M thiourea, 30 mM Tris, 4%
(wt/vol) 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-pro-
panesulfonate (CHAPS), 1 mM phenylmethylsulfonyl fluoride, and
1% protease inhibitor cocktail; Sigma-Aldrich, St. Louis, MO}, and
protein concentration was determined (2-D Quant Kit, GE Healthcare,
Uppsala, Sweden). Protein samples were subsequently purified (2-D
Clean-Up Kit, GE Healthcare). Fluorescent labeling of carbonyls was
achieved by incubating 150 (g of acetone precipitated protein with
100 (l of Alexa 488 fluorescent hydroxylamine (FHA; Invitrogen; 1
mg/ml) at room temperature for 2 h in darkness. FHA-labeled proteins
were then precipitated with ice-cold trichloroacetic acid, and, after
centrifugation, the protein pellet was washed three times with ethyl
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acetate-ethanol (1:1) solution (34). Total protein of the FHA-labeled
protein sample was accomplished by additional staining using Cy5
Fluor minimal dye (400 pmol per 50 (g protein sample) in accordance
with the manufacturer’s recommendations (GE Healthcare). Thereaf-
ter, the double-labeled protein sample was adjusted to 450 (l with
rehydration buffer [7 M urea, 2 M thiourea, 2% CHAPS, 0.5%
immobilized pH gradient (IPG) buffer, pH 3–10, and a trace of
bromophenol blue] before the two-dimensional differential in-gel
electrophoresis (2D-DIGE) analysis, which included both isoelectric
focusing (IEF) and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).
First- and Second-Dimensional Protein Separation
First-dimensional protein separation required labeled proteins be-
ing loaded into 24-cm IPG dry-strips (pH 3–10; GE Healthcare) and
rehydrated for 12 h in the dark. The IPG strips were focused at 20°C
using an Ettan IPGPhor 3 IEF unit (GE Healthcare) at 500 V for 1 h,
a 7.5-h gradient to 1,000 V, a 3-h gradient to 8,000 V, a 5-h plateau
at 8,000 V, a 3-h gradient to 10,000 V, and a final plateau at 10,000
V for 4 h, as previously described (30). For the second-dimensional
separation, each IPG strip was equilibrated twice for 15 min in
equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM
Tris·HCl; pH 8.8), with the exception that the first period contained
1% wt/vol DTT, while the second period contained 2.5% wt/vol
iodoacetamide and a trace of bromophenol blue. The equilibrated IPG
strips were then carefully positioned on 12% acrylamide gels and
covered with 1% wt/vol agarose. Second-dimension separation by
SDS-PAGE was performed using a PROTEANPlus Dodeca Cell
(Bio-Rad, Hercules, CA), where proteins were separated at 1 W/gel
until the dye front reached the bottom of the gel. 2D-DIGE gels were
subsequently scanned within the gel cassettes using the Typhoon Trio
Scanner (GE Healthcare). The Alexa 488 hydroxylamine dye was
excited at 488 nm and emission spectra obtained at 520 nm, whereas
the Cy5 dye was excited at 633 nm and emission spectra obtained at
670 nm. The gels were visualized and first evaluated with the Image
Quant Software (GE Healthcare, Uppsala, Sweden), where the two
images and an overlay image underwent individual inspection. After
scanning, gels were removed from the cassette and underwent blue
silver-staining overnight. 2D-DIGE gel analysis was performed using
Delta2D 4.0 software (Decodon, Greifswald, Germany) with ad-
vanced image processing algorithms that permits image fusion, back-
ground subtraction, normalization, and relative quantitation of pro-
teins from different images. Following automated spot detection, each
spot was manually verified and edited using a three-dimensional view
algorithm. For each gel, the spot ratios of the Alexa 488 hydroxyl-
amine and the Cy5 dye staining were determined. For further identi-
fication, only spots that passed a between-group statistical comparison
(P # 0.05) and showed a spot ratio lower than 0.5 or higher than 2.0
were considered.
Gel Preparation
Carbonylated protein spots of interest were cut from polyacryl-
amide gels and digested overnight using trypsin to allow peptide
extraction for subsequent mass spectrometry (MS) analysis, as previ-
ously described (17). The gel spots were then 1) washed two times for
1 h with water, acetic acid, and ethanol (50:5:45 vol/vol); 2) reduced
by the addition of acetonitrile and alkylated with DTT and iodoacet-
amide; 3) incubated with 5 mM ammonium bicarbonate and 100%
acetonitrile; and 4) dried by vacuum centrifugation. Dried gel pieces
were swollen by adding trypsin in ammonium carbonate buffer (100
mM, pH 8.5) and incubated at 37°C for 12 h. Extractions of peptides
were subsequently performed with an extraction buffer containing
acetonitrile, water, and formic acid (5:4.4:0.6 vol/vol), followed by
the extracted peptide solutions being dried using vacuum centrifuga-
tion. Thereafter, the precipitates were reconstituted with 10 (l of 5%
acetonitrile in 0.1% trifluoroacetic acid, with 0.5 (l of this peptide
extract and 0.5 (l of *-cyano-4-hydroxycinnamic acid mixed and
spotted on ground steel target plates (Bruker Daltonics, Bremen,
Germany).
Identification of Carbonylated Proteins by MS
Matrix-assisted laser desorption/ionization time-of-flight MS was
performed to identity peptides (Ultra Flex III, Bruker Daltonics,
Bremen, Germany), using a ground steel MTP 384 target plate
(Bruker Daltonics), in accordance with the manufacturer’s instruc-
tions. In brief, samples were prepared by mixing equal volumes (1 (l)
of sample and *-cyano-4-hydroxycinnamic acid matrix (0.1 g/l),
which were then spotted onto the ground steel MTP 384 target plate.
The solution was allowed to evaporate at room temperature. Spectra
were obtained on a matrix-assisted laser desorption/ionization time-
of-flight/time-of-flight mass spectrometer (Ultra Flex III, Bruker Dal-
tonics, Bremen, Germany) using FlexControl software version 3.0
(Bruker Daltonics, Bremen, Germany), as described previously (17).
In brief, the instrument was operated at pulse rates of 100 Hz, with the
pulse ion extraction delay set to 400 ns (17). Measurements were
carried out in positive reflector mode using an acceleration voltage of
25.0 kV (ion source 1) and 21.85 kV (ion source 2). Lens voltage was
set at 9.5 kV, and reflector voltages at 26.3 and 13.7 kV. Mass spectra
were recorded in the mass-to charge ratio range between 200 and
3,500. When possible, up to 10 MS2 spectra were performed. The
spectra were processed by the software FlexAnalysis (Bruker Dalton-
ics, Bremen, Germany). A database search was finally conducted
using the MS/MS ion search (MASCOT v 2.2, Matrix Science,
London, UK) against all metazoan (animals) entries of NCBInr
(GenBank) for the subsequent parameters: trypsin digestion, up to one
missed cleavage and fixed modifications for carbamidomethyl (C)
with the following variable modifications: oxidation (M); peptide
tolerance: "1.2 Da; MS/MS tolerance: "0.6 Da; peptide charge: $1,
$2 and $3.
Statistical Analysis
Data are presented as means " SE. Between-group differences
were assessed by independent t-test, while the force-frequency and
fatigue relationships were assessed by two-way repeated-measures
ANOVA. Significance was accepted as P # 0.05. Analyses were
performed by SPSS version 22 (SPSS, Chicago, IL).
RESULTS
Mice Characteristics
Physical, histological, and echocardiography data collec-
tively confirmed the operation was successful for inducing a





Heart weight, mg 94.1 " 2.5 117.0 " 5.2*
Heart-to-body weight ratio 5.1 " 0.1 7.2 " 0.3*
Lung weight, mg 103.3 " 4.9 169.5 " 13.1*
Lung-to-body weight ratio 5.7 " 0.3 10.5 " 0.9*
Histology
LV infarct size, % – 57.0 " 1.0
Echocardiography
LVEDD, mm 3.39 " 0.16 4.25 " 0.11*
LVESD, mm 2.25 " 0.14 3.77 " 0.17*
LVFS, % 33 " 3 12 " 2*
Values are mean " SE; n, no. of mice. MI, myocardial infarction; LV, left
ventricle; LVEDD, LV end-diastolic diameter; LVESD, LV end-systolic
diameter; LVFS, LV fractional shortening. *P # 0.01 vs. sham.
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successful MI (Table 1 and Fig. 1). The histology revealed
a mean infarct size of 57 " 1% (Table 1 and Fig. 1), with
echocardiography demonstrating LVFS was reduced by
65% postinfarct relative to sham (Table 1; P # 0.01). These
findings are also supported by the significantly increased
heart and lung weights post-MI (both absolute and relative
to body weight) (Table 1). Diaphragm muscle wet weight
was not different between groups (33 " 1 vs. 32 " 1 mg;
P ) 0.05), however.
Diaphragm Muscle Function
In vitro diaphragm muscle function was significantly de-
pressed post-MI (Fig. 2), with specific force reduced at fre-
quencies !80 Hz (P # 0.01) and maximal specific force
impaired by %20% (P # 0.01). No differences in the force-
frequency relationship were observed, however, when forces
were normalized as percent maximum force (P ) 0.05).
Twitch contractile dynamics were affected post-MI, with time-
to-peak twitch tension slowed (22.3 " 0.6 vs. 24.1 " 0.5 ms;
P # 0.05) and the twitch-to-tetanus ratio increased (0.18 "
0.01 vs. 0.22 " 0.01; P # 0.01), whereas the twitch one-half
relaxation time was not different (17.0 " 1.2 vs. 14.5 " 1.0
ms; P ) 0.05). No differences were discerned at termination of
the acute fatigue protocol between sham or MI mice (absolute
force: 3.9 " 0.5 vs. 4.1 " 0.2 N/cm2; relative to initial
contraction: 39 " 3 vs. 45 " 2%; P ) 0.05), with the rate of
force decline not different (0.17 " 0.01 vs. 0.16 " 0.01%/s;
P ) 0.05).
mRNA Expression
The mRNA expression of inflammatory cytokines TNF-*,
IL-6, and IL-1+ was increased in the heart of MI mice
compared with sham (Fig. 3, A–C; P # 0.01), but this was
not observed in the diaphragm (Fig. 3, D–F; P ) 0.05). In
addition, the mRNA expression for markers of muscle
atrophy (i.e., MuRF-1 and MAFbx) was not different be-
tween sham and MI mice in the diaphragm (Fig. 4; P )
0.05), as was the case for key regulatory Ca2$ proteins
(RyR1, 100.4 " 10.6 vs. 106.2 " 15.2 AU; DHPR, 190.0 "
15.4 vs. 183.5 " 17.5 AU; SERCA2A, 3.1 " 0.2 vs. 2.8 "
0.2 AU; P ) 0.05).
Enzyme Activity
Compared with sham, mice with MI had a higher enzyme
activity in the diaphragm of putative oxidant sources, with a
45% increase in NADPH oxidase activity (Fig. 5A; P # 0.01)
and 33% higher XO activity (Fig. 5B; P # 0.01), both in-
versely correlated to the reduction in maximal diaphragmatic
force (NADPH oxidase and XO: R2 ! 0.50 and R2 ! 0.43,
respectively; Fig. 5, C and D; both P # 0.05). In addition,
antioxidant enzyme activity was increased post-MI, with cat-
alase higher compared with sham (1.60 " 0.18 vs. 2.75 " 0.38
U/mg; P # 0.01), which inversely correlated to the reduction
in maximal diaphragm force (R2 ! 0.74; P # 0.01). SOD and
GPX demonstrated a trend to increase post-MI (39 " 1 vs.
44 " 3% and 2.2 " 0.4 vs. 2.9 " 0.5 milli-optical
density·min&1·mg&1; respectively; P ) 0.05), with both asso-
ciated with reductions in maximal force (SOD: R2 ! 0.27; P )
Fig. 1. Representative examples of hematoxylin and eosin stained transverse
sections from a sham mouse (A) and a myocardial infarction (MI) mouse with
an infarct size of 57% (B). Note the left ventricular remodeling (i.e., thinning)
that occurred in the 72 h following ligation of the left coronary artery, as


























Fig. 2. Diaphragm muscle function was reduced 72 h following a MI, as
demonstrated by the depressed (P # 0.05) force-frequency relationship.
Values are group means " SE. *P # 0.01 between groups.
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0.05; and GPX: R2 ! 0.60; P # 0.01). No strong correlations
were observed in the sham group, however.
Protein Expression
Western blot analyses revealed protein expression of key
contractile proteins (i.e., *-actin, myosin light chain, troponin
I, troponin C, and troponin T) were not different (P ) 0.05)
between sham and MI in the diaphragm (in arbitrary units;
*-actin, 0.53 " 0.07 vs. 0.67 " 0.09; myosin light chain, 0.33 "
0.07 vs. 0.47 " 0.15; troponin I, 0.37 " 0.18 vs. 0.47 " 0.11;
troponin C, 0.34 " 0.07 vs. 0.52 " 0.07; troponin T, 0.82 "
0.23 vs. 0.48 " 0.09, respectively).
Protein Carbonylation
To investigate protein oxidation, we utilized 2D-DIGE and
MS (n ! 5 per group), which allowed specific carbonylated
proteins to be identified. This analysis revealed key contractile
and energetic proteins in the diaphragm were significantly
more oxidized in the MI group compared to sham, with a
significant increase in the carbonylation of *-actin by 57% and
creatine kinase by 45% (Fig. 6).
DISCUSSION
This study in mice provides novel evidence that diaphragm
muscle weakness is rapidly induced post-MI, within 72 h of the
early LV remodeling phase. We also demonstrated that this
reduction in diaphragm muscle function was associated with
posttranslational oxidative modifications of key contractile and
energetic proteins (i.e., *-actin and creatine kinase). Collec-
tively, therefore, these data suggest diaphragm muscle weak-
ness may be early onset in MI-induced CHF and mediated in
part by intracellular protein oxidation.
Diaphragm Muscle Weakness Post-MI
MI is a leading cause of global morbidity and mortality, with
a prevalence of %20% for subsequent CHF development (13).
Following MI, two phases of LV remodeling have been de-
fined: an early phase (within 72 h) or late phase (after 72 h)
(41). It is well established that, during the late ventricular
remodeling phase, where CHF is developed, diaphragm muscle
weakness is manifested, as reported in animal models from
fiber bundles (40, 45, 46) and single fibers (44, 47), and also in





































































Fig. 3. Inflammatory cytokines mRNA expression
[TNF-* (A), IL-6 (B), and IL-1+ (C)] were signif-
icantly increased in the heart but not in the dia-
phragm (D, E, and F, respectively) of mice induced
with a MI compared with sham. Values are group
means " SE in arbitrary units (au). *P # 0.01 vs.
sham.
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animal models is impaired by %20%, measured months after
inducing CHF following MI. Our findings are, therefore, sur-
prising, in that we demonstrate a similar reduction in maximal
diaphragm function during the early LV remodeling phase 72
h post-MI. In addition, these data (to the best of our knowl-
edge) are also the first to show diaphragm muscle weakness
occurs in a mouse model post-MI. This study, therefore, serves
as an important proof of concept for future research, where
transgenic strains can be used to test specific mechanisms
related to diaphragm dysfunction following MI.
We selected the ligation procedure in the present study as it
represents an established mouse model of MI that progresses to
CHF (6, 15, 27, 28, 32, 48). Our infarct size of 57% is similar
to that previously reported in mice after 3 days (37); however,
it should be noted that this infarct is relatively severe and likely
predisposes to an increased mortality over the long term
compared with more moderate infarcts (6). Nevertheless, evi-
dence suggests that %15% of patients who suffer MI will have
a LV infarct size greater than 40% (25, 29), suggesting our
model is of clinical relevance. Indeed, our findings have
important clinical implications for MI patients, whose major
symptoms of breathlessness, muscle weakness, and exercise
limitation are likely exacerbated by early decrements in dia-
phragm muscle function. For example, our data suggest pa-
tients who suffer MI may be at immediate risk of diaphragm
muscle weakness, a question that remains to be answered but
warrants further investigation. Furthermore, our findings are
also relevant to CHF patients, suggesting diaphragm muscle
weakness may be early onset in this disease. That diaphragm
function was reduced within hours after the initial cardiac
insult suggests diaphragm dysfunction in CHF may not be
progressive, as previously assumed (10, 22, 26, 40, 44–47),
and potentially represents an early therapeutic target in the
treatment of CHF.
It remains likely, however, that two processes may be acting
to induce diaphragm muscle weakness in CHF: the first is
related to the initial acute cardiac insult of the MI, whereas the
second is related to the slower progressive pathophysiology
associated with CHF [e.g., reductions in central and peripheral
blood flow, ventilatory impairments, impaired endothelial
function, and systemic and local inflammation (7)]. This may

























Fig. 4. The mRNA expression of muscle RING finger-1 (MuRF-1; A) and
muscle atrophy F-box (MAFbx; B), markers of muscle atrophy, were not
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Fig. 5. The enzyme activities of the putative oxidant
sources NADPH oxidase (A) and xanthine oxidase
(XO; B) were significantly increased in the dia-
phragm following a MI. In MI mice, the higher
NADPH enzyme activity inversely correlated to
impaired muscle function (R2 ! 0.50; P # 0.05;
dashed line; C), which was also observed for XO
(R2 ! 0.43; P # 0.05; dashed line; D). In contrast,
no correlations were observed in sham mice (solid
lines). Values are group means " SE. mOD, milli-
optical density. *P # 0.001 vs. sham.
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in forces at the lower frequencies and during the fatigue
protocol, as the diaphragm may be differentially impacted over
time. However, of note, we employed a frequency-matched
rather than force-matched protocol (11), and whether the dia-
phragm would have fatigued more rapidly at similar forces
requiring an increased motor unit recruitment remains un-
known.
Mechanisms of Diaphragm Muscle Weakness
Diaphragm muscle weakness in CHF post-MI is generally
considered to be consequent to atrophy and/or contractile
dysfunction. Muscle atrophy has been reported in CHF dia-
phragm (16, 38), which is consistent with reports of increased
protein degradation (44, 47). For example, the mRNA expres-
sion of key ubiquitin proteasome E3 ligases MuRF-1 and
MAFbx, as well as increased proteasome and caspase activa-
tion, has been shown to be upregulated in CHF diaphragm.
However, that we found diaphragm mRNA expression of
MuRF-1 and MAFbx to be unchanged post-MI, and also the
protein expression of contractile proteins and diaphragm mus-
cle mass unaltered, collectively indicate atrophy and increased
protein degradation were unlikely to have contributed to the
loss of diaphragm function. This is possibly explained by the
short time frame used in the present study (i.e., 72 h), which
may have limited the “downstream” effects MI has on the
diaphragm, thus being too acute to activate proteases.
In contrast, our findings implicate contractile dysfunction as
the mechanism leading to diaphragm muscle weakness 72 h
post-MI. Diaphragm force was reduced across a range of
frequencies, independent of muscle mass, and this was associ-
ated with increased oxidative modifications of cellular pro-
teins. Specifically, we found a significant increase post-MI in
the oxidation of individual proteins important for contractile
energetics (i.e., *-actin and creatine kinase) (Fig. 6). Interest-
ingly, these findings parallel other studies that used similar
analytical techniques, which also reported the same proteins to
be oxidized in the diaphragm following induction of sepsis (4),
chronic obstructive pulmonary disease (24), and after TNF-*
treatment (23), conditions also accompanied by reductions in
muscle function. Overall, therefore, our data and that of others
(4, 23, 24) suggest *-actin and creatine kinase are appreciably
susceptible to oxidation. Carbonylation can thus be considered
an important determinant of protein structure and function (5),
which in turn influences diaphragm muscle force.
The mechanism for how oxidants are increased in the dia-
phragm, despite the initial insult being located at the heart,
remains unclear. We propose that an endocrine-mediated in-
crease in local oxidants may be responsible (18), whereby
increased production of inflammatory cytokines in the heart
“spill over” into the circulation (42), which leads to an in-
creased oxidant production in the diaphragm. This process may
then initiate carbonylation of key contractile proteins, which in
turn induces muscle weakness. This hypothesis is supported by
evidence where cardiac-specific overexpression of TNF-* in
transgenic mice led to increased levels of the cytokine in the
serum, but not in the diaphragm (18). Interestingly, however,
the diaphragm of transgenic mice had significantly higher
levels of oxidants than that observed in wild-type mice, which
was associated with large reductions (%50%) in diaphragm
fiber bundle force, an effect partially abolished if muscle fibers
were pretreated with the reduced thiol donor N-acetyl-cysteine
(a general antioxidant). Our data are in line with these findings,
whereby we found no change in diaphragm mRNA expression
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Fig. 6. A: a representative example of a gel image from a diaphragm muscle sample, where two-dimensional (2D) differential gel electrophoresis was used to
detect significant differences (P # 0.05) in protein carbonylation between sham and MI mice. Our results found the contractile protein *-actin (B and D) and
the energetic protein creatine kinase (C and E) were more carbonylated in the diaphragm 72 h after a MI (P # 0.05). Protein samples were subjected to isoelectric
focusing (24 cm nonlinear immobilized pH gradient strip with pH range 3–10) followed by being positioned on 12% acrylamide gels to undergo SDS-PAGE
to allow separation of proteins. Fluorescent labeling of carbonylated proteins with Alexa-488-hydroxylamine (A) and total protein with Cy5 dye allowed
carbonylated proteins in muscle samples to be detected (B and C) and quantified as a ratio (D and E). Mass spectrometry was used to confirm the identified
proteins. pI, isoelectric point; MW, molecular weight. Values are group means " SE. *P # 0.05.
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dium, therefore increasing the likelihood for an increased
systemic inflammation. In addition, the increased enzyme ac-
tivity of NADPH oxidase and XO in the diaphragm, as well as
the greater carbonylation of proteins, further supports the
hypothesis that an increase in local oxidants occurred post-MI.
Interestingly, in the described study (18), the levels of TNF-*
were too low to induce muscle atrophy, reinforcing our con-
clusions that contractile dysfunction was likely the main mech-
anism causing muscle weakness in the present study. Circulat-
ing TNF-* may activate an increased local oxidant production
via the TNF receptor subtype 1, as diaphragm fiber bundles
from transgenic animals not expressing this receptor have been
shown to maintain muscle function (unlike wild type) when
incubated with exogenous TNF-* (14).
A further question that remains is what source may have
contributed to an increased oxidant production in the dia-
phragm post-MI. ROS are increased in the diaphragm during
CHF (9, 40), and our findings of an increased enzyme activity
of NADPH and XO in the diaphragm following an infarct
suggest these are at least two likely contributors. The close
association between an increased activity of these enzymes and
reduced diaphragm muscle function further supports that oxi-
dants are linked to diaphragm muscle weakness post-MI (Fig.
5, C and D). Nevertheless, we cannot rule out other putative
sites of ROS production, such as the mitochondria, which are
known to have increased ROS production in the diaphragm of
CHF rats postinfarct (40). Unfortunately, due to tissue limita-
tion, we were unable to address this issue. Finally, we are
unable to directly rule out other mechanisms that may have
acted to reduce diaphragm muscle function post-MI, such as
impairments to Ca2$ regulation (43, 47), redox-sensitive ki-
nases or phosphatases (2), blood flow (39), and/or the work of
breathing (3). Although CHF is known to impair Ca2$ homeo-
stasis in the diaphragm (43, 47), this is suggested to be
consequent to a reduced sensitivity at the myofilament level
rather than impaired sarcoplasmic reticulum function (1). In-
deed, we also found no changes in the mRNA expression of
key regulatory Ca2$ proteins (e.g., RyR1, DHPR, SERCA2A).
Collectively, therefore, our data and that of others support that
impairments at the myofibrillar level were likely the main
mechanism responsible for diaphragm muscle weakness ob-
served 72 h post-MI.
Conclusions
These data in mice provide evidence that a MI induces
diaphragm muscle weakness within 72 h of the early LV
remodeling phase, which is associated with posttranslation
oxidative modifications of key contractile and energetic pro-
teins. Our findings suggest, therefore, that humans who suffer
a MI may be at immediate risk of respiratory muscle dysfunc-
tion, while also providing initial evidence that diaphragm
muscle weakness may be early onset in CHF.
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Background: Besides modulation of reverse cholesterol transport, high density 
lipoprotein (HDL) is able to modulate vascular function by stimulating endothelial nitric 
oxide synthase. Recently, it could be documented that this function of HDL was 
significantly impaired in patients with chronic heart failure (CHF).  
Material and method: HDL was isolated from 5 healthy controls (HDLhealthy) and 5 
patients with CHF in NYHA-IIIb (HDLCHF). In-depth proteome characterization of 
HDL particle was performed by two-dimensional liquid chromatography mass 
spectrometry (SCX/RP LC-MS/MS). 
Results: In total, we identified 494 distinct proteins, whereas 118 proteins were 
commonly found in each group (HDLCHF and HDLhealthy) indicating a high intra- 
and inter-subject variability among HDL particles. Several important proteins (e.g. 
ITGA2, APBA1 or A2M) varied between CHF patients compared to healthy. Functional 
analysis revealed distinct intracellular regulated pathways. Also, a minor proportion of 
bacterial-derived proteins were identified in all analyzed HDL-particles. 
Discussion: The extension of HDL-associated proteins allow beside the merely 
description, now, go further to answer the question of altered HDL function in diseases. 
Our findings may initiate further studies to unveil the important molecular players in 





Low abundance of high density lipoproteins (HDL) has been recognized as a major risk 
factor for cardiovascular events such as myocardial infarction or stroke (Forti and 
Diament 2006) and has been established as clinical surrogate marker for evaluation of 
the cardio-metabolic syndrome (Murguia-Romero et al. 2013). Besides promotion of 
reverse cholesterol transport, HDL has been shown to exert beneficial antiatherogenic 
effects, which include: stimulation of nitric oxide (NO) via activating endothelial nitric 
oxide synthase (eNOS), endothelial repair, anti-inflammatory and anti-oxidative 
properties (Rye et al. 2009, Yvan-Charvet et al. 2010, Navab et al. 2011). In recent 
years it has become more and more evident that in addition to the concentration of 
HDL, the functional capacity of HDL may also play a key role in its atheroprotective 
effects (Dodani et al. 2009). This view is in line with the observations that HDL 
function is impaired in patients with diabetes (Sorrentino et al. 2010) and chronic heart 
failure (Adams et al. 2013), and that all efforts to increase HDL concentration by 
pharmaceutical interventions have failed to result in the anticipated changes in 
cardiovascular risk of atherosclerosis plaque load or recurrent cardiovascular events 
(Schwartz et al. 2012). Unfortunately, the molecular bases for the functional diversity of 
the HDL particles are not fully understood. 
HDL particles are composed of lipids such as cholesterol, but 60% of the complex is 
made up of a high variety of proteins. While HDL-cholesterol has been routinely used 
for estimation of HDL concentration, the meaning of the protein load for the HDL 
functionality is still not well characterized, especially because the high amount of new 
HDL-associated proteins identified in the last decade. The widespread believe that 
“apo-HDL” was likely single protein entity from HDL was lately refused (Shah et al. 
2013). One of the prominent HDL related protein apoA1 is known to reduce free 
cholesterol accumulation from macrophages and this mechanism led to the development 
of an HDL cholesterol efflux capacity test. However, the number of identified proteins 
could be increased from 13 proteins in 2005 using two-dimensional gel electrophoresis 
(Karlsson et al. 2005) separated by density ultracentrifugation to about 122 proteins in 
2012 using a two-dimensional peptide fractionation analysis platform (Mange et al. 
2012) in parallel merit by modern high sensitive mass spectrometer. Shah et al., pointed 
out actually 204 individual proteins have been detected in human HDL samples; of 
these, 85 proteins have appeared in at least three different studies representing the best 
current estimate of the HDL proteome (Shah, Tan et al. 2013). Many HDL proteins are 
linked to cellular metabolism, anti-inflammatory processes or acute phase response (G 
et al. 2011). In addition, new identified HDL proteins indicate anti-apoptotic properties 
of HDL via PI3K/Akt or induction of apoptotic signaling by Bcl-xL (Xu et al. 2012, 
Murguia-Romero, Jimenez-Flores et al. 2013). Those at the first glance contradicting 
findings can be explained by the high inter-individual variability of HDL and its close 
dependency of individual health conditions (Demacker et al. 1982, Marcovina et al. 
1994). Improvement of proteome analysis in combination with system biological 
methods will therefore significantly alter our view of HDL function and the feasibility 
of HDL proteins for the estimation of clinical risk profiles (reviewed in (Birner-
Gruenberger et al. 2014)). 
Previously, we showed that HDL from patients with CHF leads to diminished NO-
production in an aortic endothelial cell bioassay compared to healthy controls (Adams, 
Besler et al. 2013). During heart failure, the immune system is activated (increase in 
circulating cytokines) due to intestinal bacterial translocation triggered by altered gut 
permeability (Anker et al. 1997). In the literature, relations between bacteremia and 
CHF were observed (Anker, Egerer et al. 1997), where CD14 as part of the LPS 
receptor have important regulatory functions in the sensing of LPS (Rogler and Rosano 
2014). Rogler et al., described that patients with inflammatory bowel diseases appear to 
have a higher risk for coronary heart disease despite a lower prevalence of ‘classical’ 
risk factors which indicate a link between the gut and the heart (Rogler and Rosano 
2014). Those patients have certainly an impaired intestinal barrier associated with 
increased permeability for bacterial wall products. An afflicted intestinal barrier 
function will be followed by bacterial translocation and presence of bacterial products 
in the circulation, which can contribute to atherosclerosis and chronic heart failure 
(CHF) (Rogler and Rosano 2014). 
In this study, we used two dimensional prefractionation approach (SCX-RP) prior to 
mass spectrometric (MS) analysis to identify involved HDL proteins and to elicit stage 
related protein clusters. We investigated comprehensively the protein repository of 
human HDL particles in healthy and CHF patients. Furthermore, this approach might be 
able to identify novel and/or unique proteins and could indicate new CHF related 
pathways. In addition, we present data correlating HDL protein abundances with NOS 
function. 
2. Material and Methods 
2.1  Patient population and blood sampling 
Five healthy with normal systolic left ventricle function (>55%), without signs or 
symptoms of CHF as well as evidence of coronary artery disease during coronary 
angiography, were included in the study. In addition, 5 CHF patients in classified 
NYHA IIIb were recruited. Blood was collected from all subjects when entering the 
study. Serum was prepared by centrifugation (10 min at 3,000g at 4°C) and stored at 
−80°C until used. 
 
2.2  HDL isolation 
HDL was isolated from frozen serum obtained from controls (HDLhealthy), and CHF 
patients (HDLCHF) by sequential density ultracentrifugation (d=1.006–1.21 g/mL) as 
recently described (Sorrentino, Besler et al. 2010, Besler et al. 2012). Quality of isolated 
HDL was evaluated by polyacrylamide gel electrophoresis followed by Coomassie 
staining as well as by Western blotting (Supplement information). 
 
2.3  Cell culture and incubation with isolated HDL 
Human aortic endothelial cells (HAEC; Cell Systems Biotechnology, Troisdorf, 
Germany) were cultured in EGM-2 cell culture medium (Lonza, Walkersville, MD) 
until 80% to 90% confluence. Cells were incubated for 0, 5, 10, 15, 30, or 60 minutes 
with 50 μg/mL isolated HDL. Thereafter, cells were harvested with ice-cold lysis buffer 
(50 mmol/L Tris-HCl; pH 7.4; 1% NP-40; 0.25% Na-deoxycholate; 150 mmol/L NaCl; 
1 mmol/L EDTA; 0.1% Triton X-100; 0.2% SDS) containing protease inhibitor mix M 
(Serva, Heidelberg, Germany) as well as phosphatase inhibitor mix II (Serva). Protein 
concentration was determined using BSA as standard (BCA method; Pierce, Rockford, 
IL). The isolation efficiency of HDL-particles was verified using the following 
antibodies: anti-ApoA1, anti-eNOS (both Santa Cruz, Heidelberg, Germany; 1:200) or 
anti-phospho-eNOS-Ser1177 and antiphospho-eNOS-Thr495 (Supplement 
information). 
 
2.4  HDL characterization by NMR 
The high density lipoprotein (HDL) subfraction distribution was assessed by NMR 
spectroscopy (numares GmbH, Regensburg, Germany). The technology has been 
patented (US7927878; AU2005250571; DE 10 2004 026 903 B4). Briefly, diffusion-
weighted NMR spectra of lipoprotein particle were recorded on a Bruker 600 MHz 
spectrometer Avance II plus, which revealed characteristic profiles of the lipoprotein 
signals. Using the LipoFIT proprietary software, the spectral regions of the spectra 
ranging from 0.6 to 1.5 ppm were decomposed into a set of four HDL subclasses that 
are characterized by different diffusion constants. NMR measurements resulted in 
particle size (nm) and particle concentrations (nm/L). 
 
2.5  Proteolytic digestion and LC-MS analysis 
In total, 5 µg of protein extracts were diluted with 20 mM ammonium bicarbonate to a 
final concentration of less than 1 M urea. Samples were reduced (2.5 mM DTT 
ultrapure (Invitrogen, Carlsbad, CA, USA) for 1 h at 60°C) and alkylated (10 mM 
iodacetamide (Sigma-Aldrich, St. Louis, Mo, USA) for 30 min at 37°C). Proteolysis 
was performed overnight using trypsin (Promega, Madison, WI, USA) at a ratio of 1:25 
at 37°C. The tryptic digestion was stopped by adding acetic acid at the final 
concentration of 1%, followed by desalting using ZipTip-C18 tips (Millipore) and 
resuspension in 0.1% acetic acid, 2% ACN, prior LC-MS/MS analysis. 
Peptides were separated by online strong cation exchange (SCX) fractionation using 2D 
salt steps on a nano column (Poros 10S, 300 µm x 10 cm, nanoViper, SCX, 10 µm) via 
an Ultimate 3000 RSLCnano (Thermo Scientific, former Dionex, Idstein, Germany). 5 
µg of tryptically digested peptides was loaded and subsequently eluted in 7 fractions 
using salt plug concentrations ranging from 2 mM NaCl to 500 mM NaCl by injection 
of 12 µL salt buffer. 
Tryptic peptides were loaded on a trap-column with 75 μm inner diameter, packed with 
3 μm C18 particles (Acclaim PepMap100, Thermo Scientific) and analyzed using a 15 
cm analytical column packed with 2 μm C18 particles (Acclaim PepMap RSLC, 
Thermo Scientific). Reversed phase chromatography was performed using an Ultimate 
3000 RSLC with a binary buffer system consisting of 0.1% acetic acid, 2% ACN 
(buffer A) and 100% ACN in 0.1% acetic acid (buffer B). The peptides were separated 
by a linear gradient of buffer B from 2% up to 25% for 30 min for SCX prefractionated 
samples with a flow rate of 300 nl/min. The columns were operated at a constant 
temperature of 40°C. The LC was coupled to a Q Exactive mass spectrometer (Thermo 
Scientific) via the TriVersa NanoMate (Advion Biosciences, Norwich, UK). The MS-
instrument was operated in data-dependent acquisition (DDA) mode. MS settings were 
as follow: survey full-scan spectra were acquired with a resolution R = 70,000, 
automated gain control (AGC) target was set to 3e6 ions, the maximum injection time 
was set to 250 ms. MS/MS scan events were repeated for top 10 peaks using the higher 
energy dissociation mode (HCD) at normalized collision induced energy of 27.5%, 
underfill ratio (5%) with an intensity threshold of 8.3e4 ions was selected. Already 
targeted ions for MS/MS were dynamically excluded for 40 s with monoisotopic 
precursor selection enabled. 
 
2.6  Proteomics and data analysis 
LC-MS/MS data were processed using Proteome Discoverer (v1.3.0.339, Thermo 
Scientific). Data were compared against the human UniProt database 
(UniProt/SwissProt 12/08, containing 20,226 human protein-coding sequence entries) 
using the SEQUEST and MASCOT algorithm. Parallel database search were performed 
using the following settings: trypsin as cleavage enzyme, up to two missed cleavages, 
precursor mass tolerance and fragment mass tolerance were set to 10 ppm and 20 mmu, 
respectively, oxidation on methionine and carbamidomethylation on cysteine residuals 
were selected as dynamic modifications. Amino acid sequences identified at a false 
discovery rate (FDR) <1% estimated by Percolator were annotated. Proteins with ≥1 
high-confident peptide were functionally assigned to gene ontology (GO) annotation 
and canonical pathways terms using Ingenuity Pathway Analysis (Ingenuity Systems, 
Redwood City, CA, USA). A parametric t-Test was applied to found statistically 
significant abundant proteins (p<0.05). 
Data were compared against the bacterial NCBInr database (2014/08) using the 
MASCOT algorithm. Database searches were performed using the same settings as 
described above. Peptides were considered as identified with a FDR <1% (high 
confident) and Mascot ion score >50. “PROteomics results Pruning & Homology group 
ANotation Engine” (PROPHANE, (Schneider et al. 2011)) was used to remove 
redundant protein groups and to assign bacterial proteins to their taxonomic origin. 
The software SPSS (v16.0, SPSS Inc, Chicago, Ill) was used for the data analyses. Data 
are expressed as mean ±standard error of the mean (SEM). Comparisons among groups 
were tested with ANOVA. When data were not normally distributed or the variance was 
not equal, the Kruskal-Wallis nonparametric test was used. A value of p<0.05 was 
considered statistically significant. All measurements were made by investigators 
blinded to the treatment group. 
  
3. Results 
HDL was isolated from 5 healthy controls (healthy) and 5 patients with CHF (CHF). As 
expected, the healthy individuals significantly differed from patients with CHF 
regarding left ventricle ejection fraction (LV-EF, Table 1). No difference was evident 
when comparing age, gender and BMI between the two groups. 
 
3.1  HDL isolation and HDL subtypes 
HDL particles from human serum were isolated with high purity (Figure 1A-C). 
Unspecific staining with Coomassie Brilliant Blue showed a clear band at the expecting 
range of HDL-ApoA1, the main protein component of HDL (Figure 1A) without other 
visual bands. Further specific staining revealed no HSP70, which is a marker for 
contaminating exosomes (Figure 1B) but massive ApoA1 (Figure 1C) presence in the 
samples. 
NMR analysis revealed no significantly differences in HDL particle size (Figure 1D 
left) and quantification of HDL particle sub-fractions showed significant higher 
abundance of subfraction HDL [B] and HDL [C] in CHF when compared to healthy 
(Figure 1D right). Interestingly, HDL [A] is the highest abundant subfraction with no 
difference between CHF and healthy (Figure 1D right). To assess HDL function, HDL-
induced eNOS phosphorylation was analyzed. HDLCHF revealed a significantly 
impaired phosphorylation of eNOS at its activating Ser1177 site and a significantly 
higher phosphorylation at the inhibitory site Thr495 (Figure 1E) when compared to 
HDLhealthy. 
 
3.2  HDL proteome characterization 
First, HDL particles were in depth characterized using peptide prefractionation in order 
to reduce the complexity of the lipoprotein proteome for mass spectrometry and 
concomitantly increase coverage. A total of 5 µg peptide lysates per samples were 
prefractionated by online SCX fractionation into 7 steps ranging from 2 mM to 500 mM 
NaCl prior to RP-LC-MS/MS. The highest numbers of proteins were identified in 
fractions ranging from 20 to 200 mM NaCl salt concentration. At high NaCl 
concentration (≥500 mM) the number of identified proteins dropped. The analyses of 10 
individual HDL particles (5 HDLhealthy vs. 5 HDLCHF) described above allowed the 
identification of 494 proteins based on 2,148 distinct peptides. In total, 118 proteins 
were identified in at least 3 of 5 samples per group (Figure 2A). A partial least square 
(PLS) analysis was performed to determine the variability composed in the HDL 
dataset. There, a distinct separation of both groups with about 60% variability was 
observed (Figure 2B). A tile display of the 118 proteins shows the inter-variability of 
the analyzed HDL samples (Figure 2C). The complete lists of identified peptides and 
proteins are provided where we applied the accepted filtering criteria using <1% FDR to 
investigate our analyzed HDL particles (Supplement Table 1). 
Secondly, a label free quantitation was applied on 69 proteins, which are the lowest 
number of proteins identified in each of the 10 analyzed samples. The significantly 
abundant proteins between HDLhealthy versus HDLCHF are displayed in the Volcano 
plot (Figure 2D). From those proteins, two proteins (CCDC93, ITGA2) were uniquely 
identified in HDLhealthy samples whereas nine proteins (CSRP2BP, OPTC, LBP, 
ITIH2, DSP, RAB10, YWHAZ, CIDEB, and IPO8) were exclusively identify in 
HDLCHF (Figure 2E). 
Third, identified proteins were functionally categorized to lipid metabolism and 
potentially new interactions are indicated (Figure 2F. The analysis of eNOS 
phosphorylation on Ser1177 and Thr495 to HDL-protein abundances revealed positive 
(Figure 2F, red) and negative (blue) correlations. 
3.3  Pathway analysis of HDL-associated proteins 
Enrichment analysis of proteomic data (n=494) was performed by Ingenuity Pathway 
Analysis (IPA). Each enriched category is assigned an adjusted p-value (Fisher's exact 
test) and displays the most significant canonical pathways across the entire dataset by 
searching from public resources. To evaluate our results, we uploaded the protein lists 
of 26 published proteomic HDL studies into IPA where the number of proteins ranged 
from 2 to 224 HDL-associated proteins. The calculated p-values for each pathway were 
exported and comparatively visualized by heatmaps. In our study, 477 out of 494 
proteins were assigned and functional information could be retrieved. As a result, 
consequentially, the most canonical pathways covered in the analysis were the lipid- 
(Supplement Figure 1A), carbohydrate metabolism (Supplement Figure 1B), 
inflammatory response (Supplement Figure 2A) and the free radical pathway 
(Supplement Figure 2B). The immune cell trafficking (Figure 3) and the cell-cell 
communication pathway (Supplement Figure 3) were important based on our identified 
proteins. Immune cell trafficking pathway represents 102 proteins including 23 novel 
proteins were assigned to the immune cell trafficking related pathway and their 
subcategories (Figure 3). Compared to the literature (Figure 3A), 17 subcategories from, 
in total 68 subpathways (Figure 3B) were newly covered by 23 additional identified 
proteins, whereas 11 categories were significantly affected in CHF cohort compared to 
healthy (Figure 3C, D). All 102 proteins (Supplement Table 3) are involved in healthy 
versus CHF associated modification of binding, adhesion and aggregation of 
macrophages, granulocytes, eosinophils or natural killer cells (Figure 4C, D). Several 
proteins such as CD99, a single chain type-1 glycoprotein involved in regulation of 
leucocyte extravasation, showed to be abundant in HDL particles in 9 out of 10 
samples. In addition, CD99L2 was abundant in HDL particles out of 1 healthy and 2 
CHF patients. CD99L2 is known to play a major role in late step of leucocyte 
extravasation and helping cells to overcome the endothelial basement membrane. 
Furthermore, we identified annexin A1 (ANXA1) and the macrophages and dendritic 
cells surface receptor CD209 high abundant in HDL particles. ANXA1 is involved in 
migration and recruitment of myeloid cells related pathway which was more present in 
CHF (Figure 3C) whereas CD209, which regulates adhesion and aggregation of 
leucocytes, was only found in healthy HDL-particles. Furthermore, we identified the 
complement component receptor 3 and 4 subunit (ITGB2) that is involved in almost 
every immune cell trafficking pathways including adhesion, aggregation and migration 
of leucocytes. Likewise, ITGB2 is a receptor for proteins of intercellular adhesion 
molecule (ICAM) and vascular cell adhesion molecule (VCAM) family. The proteomic 
profile of HDL-particles educe the intercellular adhesion molecule 3 (ICAM3) and 
vascular cell adhesion molecule 1 (VCAM1) as abundant in HDL-particles in 2 
healthy`s and 2 CHF samples which are abundant in CHF patients. VCAM1 is known to 
be an important protein for cell-cell recognition and play a major role in immune cell 
trafficking (Supplement Table 3). A further protein of the immune cell trafficking 
pathways could be identified as abundant in 1 healthy and 2 CHF patients named 
selectin P ligand (SELPLG). SELPLG is involved in 7 out of the 17 new downstream 
pathways including adhesion and aggregation of leukocytes (Figure 3C, 52, 54, 57) and 
this protein mediates rapid rolling of leucocytes over vascular surfaces. Notably, those 
pathways are not significantly abundant in CHF. 
 
3.4  Bacterial protein inventory of HDL particles 
Although the focus on the characterization of the HDL particles is certainly the human 
proteome, we also searched all LC-MS/MS raw files against the bacterial taxonomy. 
The database search resulted in the matching of 52 unique peptides (156 peptide spectra 
matches, PSM`s) that were assigned to 47 protein groups (Figure 4A). The taxonomic 
phylotypes of bacteria obtained were dominated by heterogeneous and/or unclassified 
genera. The spectra could assign to seven different phyla in both groups (Figure 4B) and 
27 genera (Figure 4C). Furthermore, 24 different species could be identified (Figure 
4D). Nevertheless, the genera of Staphylococcus or Bacillaceae were prominent present 
(Supplement Table 2). The subjects differ in their heterogeneity of bacterial peptide 
occurrence. Interestingly, bacterial peptides were found not only in CHF but also in 
healthy. Representative bacterial MS/MS-spectra on species-level are shown in figure 
4E. However, the microbial inventory of HDL particles needs further exploration to 
evaluate the subtypes of HDL-particles which are most responsible for our findings. 
Furthermore, it is unclear if the load capacity of bacterial proteins was determined in the 
human gut by chylomicron or is more related to CHF-dependent bacteremia. 
  
4. Discussion 
The functional capacity of HDL is impaired in patients with CHF by increased NO 
production in ECs via modulation of eNOS phosphorylation. In CHF patients, this 
functional incompetence is gradually increasing with disease severity and the amount of 
malondialdehyde (MDA)-modified HDL is significantly elevated while the activation of 
PKC-βII/p70S6K by HDLCHF is significantly increased as compared with HDLhealthy 
(Adams, Besler et al. 2013). 
 
4.1  Variability of human HDL particles 
Biological variability substantially influences the outcome of human proteome analysis. 
We believe that standardized laboratory procedures and the inter-subject biological 
variability account to the greatest contribution (Jehmlich et al. 2013). In our study, the 
high biological variability was obviously shown with differential protein profiles of the 
CHF patients. During our MS-measurement, about 5,800 MS/MS scans were acquired 
per 30 min LC-gradient, from those about 2,200 MS/MS scans were assigned to peptide 
MS/MS scans, whereas only 700 scans were annotated to the human database. That 
accounts for about 32% matched MS/MS scans. Advanced strategies for searching 
MS/MS-spectra against spectral libraries or using de novo tools are available but not 
routinely used can increase the identification rate. Rare post translational modifications 
(PTMs) or single nucleotide variants (SNV) leads to not considerable or unidentifiable 
ion masses because mutated peptides has not been feasible with conventional database 
search strategies, which require exact matches. Searching with algorithms that leverages 
inferred sequence tags to identify unanticipated mutations can be an appropriate 
solution (Dasari et al. 2010). Progress of the MS-efficiency (MS/MS-identification rate) 
that increase the number of identifiable peptides can be achieved by instrument-based 
improvements accomplished with higher scanning speed and sensitivity; which can be 
enhanced through robust and reproducible nanoHPLC instruments. But not 
instrumentation itself makes all detectable features identifiable. Also, advanced 
inclusion and exclusion features for peak selection, multiplexing of MS/MS, reference 
standards and sophisticated algorithms will be needed to accomplish the demand of 
future shotgun proteomics strategies (Michalski et al. 2011). It is obvious that the 
protein pattern of LC-MS analyses of human density lipoproteins is dominated by only 
dominant proteins (e.g. subclasses of apolipoproteins) and therefore reduces the protein 
identification of lower intensities. Thus, several technologies have evolved to 
fractionate peptide mixtures prior to measure onto a mass spectrometer. In this study, 
we used the combination of online SCX and RP fractionation to assess the low abundant 
HDL-proteins. Recently, it was shown that online fractionation provided more 
peptide/protein identifications and higher sequence coverage than offline platforms due 
to surface adsorptions (on tubes and vials) effects of the peptides (Magdeldin et al. 
2014). In addition, the peptide recovery rate was significantly lower after offline 
fractionation than in online fractionation (Magdeldin, Moresco et al. 2014). 
 
4.2  Functional relevance of HDL-particles for the clinics and CHF 
The HDL compositional diversity fits well with studies demonstrating a wide functional 
heterogeneity, including roles in lipid transport, oxidation, inflammation, hemostasis 
and immunity. Out of the 10 proteins which are significantly abundant between 
HDLhealthy versus HDLCHF Amyloid beta A4 precursor protein-binding family A 
member 1 (APBA1) and Ovochymase-1 (OVCH1) were newly identified in HDL 
particles. Interestingly, both proteins were found to be positive correlated to eNOS 
phosphorylation on SER1177 denote that increasing abundance of APBA1 and OVCH1 
is associated to higher HDL promoted stimulation of aortic endothelial NO release. To 
date the physiologic function of both proteins are poorly understood and we presume 
that a deeper understanding aiming their biologic effect can be auspicious to understand 
function of HDL in the pathophysiology of CHF. Our data revealed coiled-coil domain-
containing protein 93 (CCDC93) and Integrin alpha-2 (ITGA2) which are unique in 
healthy HDL particles. Physiologically, CCDC93 is poorly described in relation to 
disease stage and from molecular prospective we know that this protein is intracellular 
located in the nucleus, cytosol and mitochondrium Microarray studies showed a widely 
expression in several tissues such as endothelial cells, cardiac myocytes and endocrine 
organs. On the other hand, ITGA2 is well known to be responsible for adhesion of 
platelets and other cells to collagens, force generation and organization of newly 
synthesized extracellular matrix. In addition, ITGA2 is a member of integrin family and 
this orchestrate multiple functions in the intact organism including organogenesis, 
regulation of gene expression, cell proliferation, differentiation, migration, and death 
(Ross and Borg 2001). In detail, ITGA2 provide strong evidence to be involved in 
robust Vascular Endothelial Growth Factor (VEGF) activation of the Erk1/Erk2 
(p44/42) mitogen-activated protein kinase signal transduction pathway that drives 
endothelial cell proliferation (Senger et al. 2002). It is worthwhile to note that in the 
serum of patients with CHF a reduced concentration of VEGF is evident (Arakawa et al. 
2003) which may be responsible to the impaired endothelial cell proliferation eventually 
leading to endothelial dysfunction as observed in CHF (Hambrecht et al. 1998, 
Hambrecht et al. 2000). 
The HDL particle of CHF patients revealed nine proteins which are unique for the 
phenotype (Figure 2F) including Lipopolysaccharide-binding protein (LBP), 
Desmoplakin (DSP), Inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2) and 14-3-3 
protein zeta/delta (YWHAZ). Notably, LBP is a soluble acute-phase protein that binds 
to bacterial endotoxin (lipopolysaccharide) to elicit immune responses by presenting the 
Lipopolysaccharides (LPS) to important cell surface pattern recognition receptors called 
CD14 and TLR4 (Muta and Takeshige 2001). Increased levels of LPS have been 
demonstrated in CHF (Sharma et al. 2005) and immune activation in patients with CHF 
may be secondary to endotoxin action (Niebauer et al. 1999). Supposable, HDL particle 
is strongly involved in interaction between increased endotoxin levels in CHF and 
consequently augmented LBP expression. Lipopolysaccharides (LPS) are the primarily 
cause of sepsis induced by gram-negative bacteria and induce together with LBP, CD14 
and the toll-like receptor 4 (TLR4) complex macrophage activation which is associated 
with inflammation and immune response (Kaji 2013). LBP and DSP are strong involved 
in cell-to-cell signaling pathways such as cell-cell adhesion which is up-regulated in 
CHF. Several proteins showed a strong correlation to eNOS phosphorylation on 
Ser1177 and/or Tyr495. From these proteins, we identified farnesyltransferase type-1 
subunit alpha (FNTA) as new HDL related protein in all 10 investigated samples. 
FNTA is positive correlated to Tyr495, the binding side which decreases eNOS activity 
(Varjosalo et al. 2013). In animal studies, Chen et al. showed a FNTA-overexpression in 
heart tissue and cardiovascular tissue remodeling after suprarenal abdominal aortic 
coarctation (AAC) (Chen et al. 2013) implying a link between FNTA and CHF. 
Interestingly, Galactokinase (GALK1) the major enzyme for galactose metabolism was 
also negative correlated to Tyr495. Although it was new identified as HDL particle 
associated while its presence in there is unknown. Apolipoprotein-C family (APOC1-4) 
and Serum amyloid A proteins (SAA1, 2, 4) were all negatively correlated to eNOS 
phosphorylation on Ser1177 (Figure 2F). SAA a major acute phase reactant and 
apolipoprotein of the HDL complex is reported to be associated to a variety of disorders 
such as chronic inflammatory diseases, atherosclerosis, rheumatoid arthritis (Rossmann 
et al. 2014). APOCs are reported to play a role in lipid metabolism and may be 
associated with coronary artery disease risk and atherosclerosis (Talayero et al. 2014). 
Besides this lipid metabolism associated proteins we identified acute phase proteins like 
Alpha-1-antitrypsin (SERPINA1) which was positive correlated to phospho-eNOS 
Ser1177 and negative to Tyr495. This inhibitor of serine proteases irreversibly inhibits 
trypsin, chymotrypsin and plasminogen activator. The aberrant form inhibits insulin-
induced NO synthesis in platelets, decreases coagulation time and has proteolytic 
activity against insulin and plasmin (Kotani et al. 2009). In addition, we found 
Cathelicidin Antimicrobial Peptide (CAMP or LL37) positive correlated to phospho-
eNOS Ser1177. This protein which has several functions in addition to antimicrobial 
activity, including cell chemotaxis, immune mediator induction and inflammatory 
response regulation also binds to bacterial lipopolysaccharides (LPS) and shows 
antibacterial activity (Chromek et al. 2006). 
While many HDL proteins fall within the general area of lipid metabolism, proteins 
with numerous other functions are also present. This includes proteins involved in 
hemostasis such as fibrinogen and several of the serine protease inhibitors (SERPINs) 
involved in the clotting cascade. There is a striking number of HDL proteins involved in 
the inflammatory/immune response including numerous members of the complement 
system and its associated proteolysis inhibitors, ApoJ, and Vitronectin. Also clearly 
represented are acute-phase response proteins such as SAA and LPS-binding protein. 
Surprisingly, there are also proteins involved in heme and iron metabolism such as 
hemoglobin, transferrin and hemopexin as well as those with a host of additional and 
enigmatic functions ranging from platelet regulation to vitamin binding and transport. 
 
4.3  Bacterial proteins in HDL particles 
CHF is related to infective status and that changing of gut barrier might result in 
bacteremia and therefore secondly trigger CHF by chronic inflammation (Niebauer, 
Volk et al. 1999). In addition, there are many evidences that apoA-I and HDL promote 
cholesterol efflux from macrophages, a key step in atherogenesis (Tall et al. 2008). We 
show that bacterial peptides are a representative inventory of HDL-particles (Figure 4). 
It is well described that infection with bacteria can contribute to the pathogenesis of 
atherosclerosis via direct infection of vascular cells (Rosenfeld and Campbell 2011) and 
macrophages infiltration is one of the known defense mechanism. Conceivable, direct 
infection of vascular cells by bacterial infection led to infiltration of macrophages and 
secondary via apoA1 direct interaction with HDL particles. During this process, 
bacterial proteins might be presented and in HDL incorporated either unspecified or to 
remove endotoxins. Interestingly, there is no clear separation of CHF and healthy group 
by bacterial profile, whereas we found a high intra-individual diversity which is in 
agreement with the vast range of human protein amount. Remarkably, there is a 
challenge to uniquely identify bacterial proteins in complex mixtures, but applying 
stringent selection criteria, we were able to assign spectra to 24 distinct bacterial 
species. Of course, most of the spectra were unable to assign to a distinct bacterial 
taxonomic unit (heterogeneous) which reflect the heterogenic origin (e.g. ATP synthase, 
chaperonin, and elongation factors). However, those spectra have clear bacterial 
compositions; thus, we assume that most spectra cannot be assign to peptides of unique 
species. In further studies, we have to elucidate which tissue is responsible for loading 
HDL-particles or if CHF-related bacterial peptide pattern in HDL-particles can be a 
surrogate marker for the severity of the disease. We compared only patients with CHF 
(NYHAIIIb) and it is imaginable that lower and higher disease stages reflect distinct 
bacterial diversity within HDL-particles. In addition, we have to test if our findings 
were only observed due to the investigated subtypes of HDL-particles. In the literature, 
there are evidences that CHF is attended by mesenterial ischaemia and disturbed 
intestinal microcirculation, which allow to enter bacterial endotoxin into the 
bloodstream through the leaky intestinal barrier and thereby triggering an inflammatory 
response to chronic inflammation and malnutrition (Sandek et al. 2008). Higher 
concentrations of adherent bacteria were found within mucus of CHF patients compared 
with control subjects (Sandek et al. 2007). Relations between bacteremia and CHF have 
been supported by the fact that in patients with chronic heart failure increased soluble 
CD14 levels in plasma were observed (Anker, Egerer et al. 1997). CD14 is a part of the 
LPS receptor, and soluble CD14 have important regulatory functions in the sensing of 
LPS (Rogler and Rosano 2014). Soluble CD14 influence the LPS receptor, which is 
directly associated by Toll-like receptor 4 (TLR-4), that is expressed on 
cardiomyocytes. The binding of bacterial endotoxin to TLR-4 on cardiomyocytes is 
associated with impaired function (Tavener et al. 2004), decreased contractility (Fallach 
et al. 2010) and induction of an inflammatory response (Avlas et al. 2011). Bacterial 
interaction can occur during HDL-maturation via the lipoprotein-specific pathway. 
Changes in lipid and lipoprotein metabolism during host infection and inflammation 
include anti-infective and anti-inflammatory effects. Thus, circulating lipoproteins 
(LPS) plays a vital role in host defense during endotoxemia and protect against harmful 
LPS effects by accelerating its clearance from plasma in humans (Khovidhunkit et al. 
2004). Further studies are necessary to decipher the localization origin (e.g. peripheral 
tissue) of the bacterial proteins. Most proteome techniques are limited to identify 
bacterial proteins in human blood serum where the protein abundance and complexity 
hampered a reliable and reproducible detection. To summarize, we supposed the 
hypothesis that HDL-particles comprise more comprehensive functional heterogeneity 
than expected and that HDL-particles feature an important role in host defense during 
bacterial endotoxemia. 
 
5. Study limitations 
We are aware that the investigated samples size (n=10) was only a first step and need 
substantial extension. In addition, the applied proteomics platform is currently state-of-
the-art, but the diversity of available preparation techniques and the MS instrument 
improvements will lead to significant knowledge widening. 
 
6. Future perspective 
Future studies will be focused i) to investigate disease-specific bacteremia in HDL-
particles, ii) to perform risk stratification based on HDL proteome profiles for clinical 
applications combined with the promise of HDL proteomics to identify new biomarkers 
for disease diagnosis and iii) to investigate the subclasses of HDL particle sizes by 
fractionation and sub-fractionation to obscure the remarkable heterogeneity within each 
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10. Figure legends 
Table 1. Phenotypic characterization of the HDL-particles. 
Figure 1. HDL isolation and profiling. (A-C) Proof of HDL isolation method from 
human serum by Coomassie Brilliant Blue staining of the denaturing polyacrylamide 
gel (A) and specific staining after Western Blotting on PVDF-membrane using anti-
HSP70 (B) and anti-Apo A1 antibodies (C). Determination of HDL sample profile using 
NMR showed average HDL particle size (D left) and different amount of sub-fractions 
HDL[A]-HDL[D] (D right). Isolated HDL from healthy and NYHA was used to 
stimulate cultured HAEC and subsequently grade of eNOS phosphorylation on Serine 
1177 (Ser1177) and Threonine 495 (Thr495) in HAEC was compared (E). 
Figure 2. Proteomic HDL particles characterization. Analyses of 10 individual HDL 
particle samples (5 HDLhealthys vs. 5 HDLCHF) revealed 494 proteins based on 2,148 
distinct peptides (A). 118 proteins were identified in at least 3 of 5 samples per group. 
Thereof, two proteins were uniquely identified in HDLhealthy samples while nine 
proteins were exclusively identify in HDLCHF. (B) Partial least square (PLS) analysis 
revealed clear separation of both groups when including 69 proteins which were 
identified in all patients. (C) Tile display of the 118 proteins to visualize individual 
HDL sample variability. (D) Label free quantitation of the 69 proteins; the lowest 
number of proteins identified in each of the 10 analyzed samples. Volcano plot 
displayed significantly abundant proteins between HDLhealthy vs. HDLCHF. (E) 
Abundance analysis of the uniquely identified proteins. (F) Analysis of phosphorylated 
eNOS forms to protein abundances showed positive (indicated in red) and negative 
(blue) correlation. Linear protein values were -log10 transformed and threshold >0.5 
was used. 
Figure 3. General comparison of protein associated signaling pathways of Immune Cell 
Tafficking. (A-B) Heatmap displays a general comparison of recent literature reporting 
MS/MS analysis of human HDL particles horizontally (a-0) to protein associated 
signaling pathways (A: 1-68) vertically, starting with the highest number coincident 
reports on the left side to the lowest coincidences on the right. Upper bar shows our 
study results using 2D nanoLC MS/MS rightmost (B). Differences in pathway 
regulation between healthy and CHF are shown in the lower bars (C) and significantly 
regulated pathways are indicated and listed below (D). 
Figure 4. Bacterial peptides in human HDL particles. (A) Analyses of 10 individual 
HDL-particle samples (5 HDLhealthys vs. 5 HDLCHF) revealed clear evidence for the 
presence of bacterial peptides. There, MS-spectra could assign to 7 different phyla in 
both groups (B) and 27 genera (C), while 24 different bacterial species could be 
distinguished based on unique spectra (D). The spectra of typical gut microbes are 
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